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Summary
Summary
Using the technology available to forensic investigators today, it is not currently 
possible to distinguish (with certainty) whether a fingerprint is above or below a 
layer of ink. This has implications where a suspect’s fingerprint may be found on a 
document, but they claim to have handled the paper before any ink was put down on 
the paper, e.g. “I only put the paper in the drawer”. Furthermore, most of the 
techniques destroy the sample, which in a forensic context is not recommended.
Fundamental experiments analysing fingerprints and inks on basic substrates such as 
silicon and paper have been carried out. A protocol for determining the deposition 
order of overlapping undeveloped fingerprints and inks using time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) has been developed. The developed 
protocol is based on using the normalised standard deviation of the intensity of an 
ink line, where that ink line overlaps with a fingerprint. This method produces a 
numerical value for the sample, thereby removing any potential human error in 
judgement when imaging the sample alone. After further testing it was shown that 
this first protocol was not robust.
A new method and protocol was developed based upon using the entirety of the data 
produced in the secondary ion image. This new protocol is based upon using the 
fingerprint ridge pattern as a mask on the ink line signal, rather than using line scans, 
which are less representative of the data collected. Further research revealed that 
when samples involving a fingerprint overlapping with ink are chemically developed 
the ability of the protocol to identify the deposition order was affected. In some 
samples, the chemical development process appears to have had a positive effect on 
the protocol. The results presented indicate that diazafluoren-9-one immersion could 
be used preferentially over ninhydrin when investigating questioned documents. 
These results could affect the order in which forensic investigators use different 
chemical development techniques to analyse evidence. Currently it is common 
practice to use more than one technique to develop fingerprints. The results presented
Summary
could lead to recommendations about the order in which chemical development 
techniques are used.
Techniques, such as ToF-SIMS, require the use of a vacuum chamber into which the 
sample is placed for analysis. Currently, there is no published literature on the effect 
that low pressures systems (such as vacuum chambers) have on the chemistry of 
fingerprints. This research shows that pressures as low as 2x10'^ Torr have the ability 
to remove 20-26% (depending on the exact pressure) of a fingerprint’s mass. This 
suggests it would be beneficial to develop high pressure systems in order to carry out 
analyses in order to detect all chemical species present in a sample. It was also found 
that some vacuum chambers can in fact add mass to a sample (believed to be from 
chemical contamination).
Supervisors: Melanie J. Bailey
Karen J. Kirkby
Neil I. Ward
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Chapter 1. Introduction
Chapter 1
This chapter provides the reader with an introduction to fingerprints and why they are 
important in forensic science (Section 1.1). Section 1.2 describes the techniques currently 
available for analysing and detecting fingerprints (all of which are briefly summarised in 
Section 1.3). Section 1.4 explains the importance of low pressure systems in fingerprint 
analysis. The end of the chapter (Section 1.5) provides the reader with the aim and 
objectives of the thesis.
1 Introduction
1.1 What Are Fingerprints?
Fingerprints are a copy of the friction skin ridges that are found on the hands. The ridge 
patterns are formed in the womb (the pattern is affected by the microenvironment around 
each finger) and then grow as the finger grows (the process can be likened to drawing a 
face on a balloon with a pen and then inflating the balloon). Every single person is thought 
to have different fingerprint patterns, even identical twins with the same DNA are different 
[1]. Fingerprints are different to finger marks, if the owner/donor of the finger 
mark/fingerprint is known then it is a fingerprint. If the owner/donor is not known then the 
mark is a finger mark. The samples in this research are all fingerprints as the donors were 
known. There are three main types of fingerprints that can be found at a crime scene (see 
Figure 1-1) [2]. The first type is indented (moulded) fingerprints. These are 3D 
impressions of friction skin ridges that are found on malleable surfaces such as putty or 
candle wax. Enhancement and visualisation is carried out by using oblique lighting. The 
second type of fingerprint is visible fingerprints. These may be viewed in positive or 
negative contrast depending on how the fingerprint was made; because these fingerprints 
are visible it is possible to document the fingerprint simply by taking a photograph. The 
third type of fingerprint that can be found at a crime scene is the latent fingerprint. These 
are normally invisible to the naked eye and generally require some form of physical or 
chemical treatment in order to visualise the fingerprints [2].
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Figure 1-1: (a) Photo of an indented fingerprint (b) Photo of a visible fingerprint (in blood)
(c) Photo of a latent fingerprint developed using ninhydrin. [3-5]
1.1.1 Developing latent fingerprints
Latent fingerprints are a highly variable combination of chemicals that can originate from 
(predominantly) natural secretions from pores found on the skin all over the body and other 
(exogenous) contaminants [6-10]. The natural (endogenous) components consist mainly of 
eccrine [11] and sebaceous gland secretions [12]. Eccrine gland secretions from the 
fingers, hands, and soles of the feet contain both organic and inorganic species (amino 
acids and salts). Sebaceous glands are not found on the hands or soles of the feet and only 
secrete organic materials {e.g. fatty acids and other oils). The sebaceous secretions are 
transferred to the fingers by touching places like the hair and face, which are areas that 
contain a large number of sebaceous glands.
In order to visualise and document latent fingerprints, the police utilise relatively cheap 
and robust physical and/or chemical treatments that react with the species that make up the 
fingerprint [13]. Many of these techniques will be used sequentially with other techniques 
in order to generate the greatest quality images. The Home Office Centre for Applied 
Science and Technology (CAST) publishes a Fingerprint Development Handbook, which 
documents the processes that forensic investigators should carry out when looking for 
latent fingerprints on surfaces. These processes vary according to the type of material that 
is being examined. CAST has produced 13 process selection charts to determine which
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development process should be used on a particular material [14]. For example, when 
developing latent fingerprints on porous materials such as paper and cardboard the 
following methods can be used:
Fluorescence examination
Inherent fiuorescence by laser or an alternate light source can reveal the location of latent 
fingerprints as some of the components of latent fingerprints will fluoresce under certain 
wavelengths of light [15-16]. These can then be photographed using special light filters for 
documenting the fingerprint.
Iodine fuming
Iodine fuming involves heating crystalline iodine so that it sublimes (quicker than at room 
temperature) into violet vapours; the sample is placed in a cabinet with the iodine crystals. 
The vapours then absorb into the oily deposits in the fingerprint residue which imparts a 
yellow-brown colour to the ridge pattern [17]. However, fingerprints developed by iodine 
are not permanent; in the presence of air, the yellow-brown colouring fades. This means 
that iodine-developed fingerprints have to be photographed and documented immediately 
upon development. Nevertheless, it is possible to fix the fingerprints as iodine is known to 
react with starch giving a stable, deep blue complex [18].
1.8-Diazafiuoren-9-one IDFOl immersion
1.8-Diazafiuoren-9-one (DFO) reacts with amino acids and possibly some other 
constituents [14] in latent fingerprints. When this reaction is complete, the developed latent 
fingerprints will fluoresce with the use of a laser or an alternative light source [19]. 
Samples are typically dipped/sprayed with the DFO solution. It has strengths in that it can 
detect fingerprints that are many months or years old, but it can cause diffusion or running 
of some inks which, if fluorescent, may mask fingerprints [14].
Ninhvdrin [and its analogues! treatment
Ninhydrin or its analogues (such as 1,2-indandione) react with the amino acids in latent 
fingerprints and normally produce a visible colour change [20-21] which can easily be 
photographed and documented under white light. By using alternative lighting or laser
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light [22] it is possible to enhance the developed fingerprint for documenting. Treatment 
can be carried out by dipping the sample in the appropriate solution [23] or by contact 
transfer [24].
Dimethvlaminocinnamaldehvde (DMAC) treatment
The use of dimethylaminocinnamaldehyde (DMAC) as a fingerprint development reagent 
was first proposed in the 1970s as an immersion/dipping technique to target the urea that is 
often found in fingerprints [25]. However, the quality of the fingerprints that were 
developed was poor. Recently, the use of DMAC fuming and the use of DMAC 
impregnated sheets have been proposed as alternative fingerprint development processes 
for porous surfaces, such as paper [26].
Electrostatic document examination (ESDAl
Electrostatic document examination (ESDA) can sometimes develop fingerprints. It is not 
recommended for routine use because the sensitivity to fingerprints more than a few days 
old is poor, but freshly deposited fingerprints may be developed [14, 27].
It should be noted that of the chemical enhancement techniques ninhydrin is the most 
widely used process, but it is not the most effective; DFO is known to develop a higher 
numbers of marks overall [14]. The reason ninhydrin is so widely used is because it 
develops visible marks that can be quickly and easily captured. It is thus well-suited to 
applications where it is necessary to process large numbers of exhibits rapidly and it is 
considered that DFO treatment and subsequent fluorescence examination is too time 
consuming [28].
A major problem that can arise in the forensic analysis of documents is the determination 
of whether or not a latent fingerprint has been laid prior to ink or text being deposited, or 
whether the ink was laid down and then the fingerprint deposited. This has implications in 
cases where a suspect’s fingerprint may be found on a document, but they claim to have 
handled the paper before any ink was put down on the paper, e.g. “I only put the paper in 
the drawer”. There is currently no method for determining whether a fingerprint found on a 
document was deposited before, or after the text. Even where fingerprints spatially overlap 
with text, police institutions are unable to determine whether a fingerprint is located above
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or below the ink. This is because latent fingerprint development reagents which react or 
bond to the constituents of the fingerprints, such as ninhydrin or DFO, only give a 2D 
image of light/dark contrast with no depth information [2, 29].
The aim of the research is therefore to investigate whether it is possible to identify whether 
a fingerprint was deposited prior to or after an ink layer. Previous studies have shown this 
is potentially possible by high energy secondary ion mass spectrometry (MeV SIMS) [30]. 
The reported study doped the fingerprints with a commercial hand cream in order to 
achieve the results obtained (see Section 1.2.1.3). Fieldhouse et a l (2011) utilised ESDA 
to determine the deposition order of developed fingerprints, pen inks and laser printer toner 
on paper. The majority of the developed marks analysed did not yield any information 
about the sequence regardless of the development technique or ink used, except for 
ninhydrin developed samples involving laser printing [27]. Koeijer (2006) has reported 
initial findings on using keV time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
for determining the deposition order of overlapping fingerprints and inks [31]. This 
research also investigates chemical changes in latent fingerprints in relation to the effect of 
low pressure systems {i.e. vacuum chambers). Many of the techniques discussed in Section
1.2.1 rely on low pressure systems in order to operate. Currently, there has been nothing 
(as far as can be reasonably found) published on the effect that vacuum systems might 
have on the composition of latent fingerprints. By looking at the chemical composition of 
the fingerprint it will be possible to show whether or not a vacuum system can change the 
composition of, and thus physically alter, the latent fingerprint. If this is the case then 
police institutions might need to think more carefully about which analytical techniques to 
use when analysing/detecting latent fingerprints.
1.2 Current Techniques Available for Fingerprint and Ink Analysis
This section presents research carried out prior to this project and covers the differing 
methods encountered including ionisation and desorption methods, spectroscopic, 
microscopic techniques and gravimetric techniques.
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1.2.1 Ionisation and desorption methods
There are various ionisation and desorption methods available, including desorption 
electro spray ionisation (DESI), matrix assisted laser desorption ionisation (MALDI), time- 
of-flight-seeondary ion mass spectrometry (ToF-SIMS) and gas chromatography (GC)
1.2.1.1 Desorption eleetrosnrav ionisation (DESI)
Theorv
Desorption electrospray ionisation (DESI) consists of accelerating a charged aqueous 
solution using a gas jet towards the target surface. The charged micro droplets of solution 
act as projectiles and are able to desorb charged molecules from the surface as a result of 
electrostatic and pneumatic forces [32]. The desorbed ions are then transferred (at 
atmospheric pressure) into a mass spectrometer (mass spectrometers are discussed in 
Section 2.5) and are analysed [33]. Figure 1-2 shows a simple schematic of the equipment 
[33]. The desorbed ions can be used to produce an image of the surface showing where 
they originate. Table 1 summarises the strengths and limitations of the technique.
HV power supply Atmospheric inlet of
m ass spectrometer
Solvent
Ion transfer line
Nebulizer capillary
Desorbed
ions
Spray
capillary
Gas jet
Spray-
Surface
Freely moving - 
sample stage in air
Figure 1-2: Set up of a desorption electrospray ionisation instrument coupled with a mass
spectrometer (DESI-MS) [33].
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Table 1: Strengths and limitations of desorption electrospray ionisation (DESI) [34].
St r e n g t h s L im it a t io n s
• Aqueous spray causes sample to 
become wet and damaged on a 
100 pm scale
• Poor repeatability
• Not quantitative
• Small volatile molecules not 
detected
• Molecules with no functionality 
are not detected
• Analysis carried out at atmospheric pressure 
-  no need for vacuum system
• Imaging capability (spatial resolution of 
approx. 150 pm)
• Light molecule detection possible, e.g. drugs 
(cannabis and cocaine) and inks
• Masses in the range of 0-20 kDa easily 
detected
• Possibility to be made portable
• Commercially available
• Unit mass resolution easily achieved
Literature review
Cooks et al. (2008) used DESI for latent fingerprint chemical imaging with the intention 
of identifying small amounts of drugs of abuse within the latent fingerprint [35]. 
Eingerprints were contaminated with the drugs by exposing them to solutions of the drug 
(allowing the fingers to dry) and then depositing the fingerprint on ordinary surfaces, such 
as glass, paper and plastic. Additives were added to the aqueous jet spray to enhance the 
ionisation of some of the compounds found in the drugs; these additives included 
ammonium hydroxide and sodium chloride. A mixture of methanol:water (9:1, v/v) was 
sprayed at a constant volumetric flow rate of 1.5 pL/min delivered by the instrument’s 
syringe pump. Solutions of NH4OH (for A9-tetrahydroeannibinol experiments) and NaCl 
(for Research Department Explosive (RDX) experiments) were added to the spray solution 
at final concentrations of 0.1% and 1 mM, respectively. Figure 1-3 shows a DESI image of 
the distribution of cocaine on a latent fingerprint blotted on glass [35].
In addition to the drugs and exogenous materials, endogenous compounds were also 
detected by this technique, such as stearic acid and triacylglycerols. These were used to 
record chemical fingerprints from sebum-rich latent fingerprints [35]. Takats et al. (2004) 
also found that it is possible to confirm the identity of the chemicals found by their
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fragmentation patterns by using tandem mass spectrometry (MS/MS) [33]. Cooks et al. 
(2008) showed that it might be possible to distinguish between overlapping fingerprints by 
looking for the distinctive exposure history to certain chemicals [35]. Simply put, if one 
fingerprint contained for example a cannabis metabolite it would be easy to distinguish 
between the two fingerprints, as only the fingerprint with the metabolite would be imaged. 
However, difficulty can arise if both fingerprints contain the same chemicals, as there 
would be little to distinguish between them.
0.5 cm
Figure 1-3: Desorption electrospray ionisation image of the distribution of cocaine on a 
latent fingerprint blotted on glass (modified with the addition of a scale bar) [35].
Cooks et al. (2007) has also shown that it is possible to use DESI as a way to detect 
document forgery by analysing the ink on the paper [36]. Ink from 10 different ballpoint 
pens were analysed directly to determine their mass spectra. In order to demonstrate the 
application of DESI for forged documents the number “1432” was written on paper. After 
allowing 2 hours to dry a different ink was used to change the number to “1982”. The 
surface of the paper was then analysed by DESI and ion images were produced from ions 
characteristic of two different inks {m/z 372.4 and 484.5) as shown in Figure 1-4. It can be 
clearly seen that the overlap DESI image (Figure 1-4C) matches that which was produced 
optically (Figure 1-4D). Also there are areas where the inks overlap (the top left of the 
character 4, and middle part of the characters 4 and 8) but they can still be distinguished 
using DESI.
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Figure 1-4: Desorption electrospray ionisation images of a forged number on paper [36].
DESI imaging for the analysis of inks has the strength that there is no sample preparation 
required, it is non-destruetive and can be carried out in ambient conditions for the analysis 
of documents [36]. However, currently the technique is not fully portable [37] and so 
developments in automation are needed in order to improve the technique.
1.2.1.2 keV -  Time-of-flight-secondarv ion mass spectrometry (ToF-SIMS)
Time-of-flight-secondary ion mass spectrometry (ToF-SIMS) is another surface analysis 
technique that traditionally, has not found use in biological based samples such as 
fingerprints [38]. However its use for such samples is now being developed [39], [40] as 
well as for forensic purposes [41], [42].
Theorv
The theory of ToE-SEMS is discussed in detail in the materials and methods section 
(Section 2.1) however the strengths and limitations of ToF-SIMS are summarised in Table 
2 .
Literature review
Szynkowska et al (2007) utilised ToE-SIMS for the detection and analysis of fingerprints 
on various substrates [43]. Hands were washed and then fingerprints deposited on the 
different materials; aluminium foil, a copper sheet, stainless steel, glass, a brass sheet and 
paper (not specially treated). The samples were then analysed by ToE-SIMS. Large scale
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scans (2.2 cm x 2.2 cm) of the fingerprints were produced, however the ridge patterns were 
not sufficiently visible at this size scan. Images from a smaller scan size (1 cm x 1 cm) 
were then taken and produced good quality images of the fingerprint and the ridge detail. 
Sean times took between 1-3 hours, which appears to be quite long when compared with 
treatment by ninhydrin. However, the time might be justified by the volume of chemical 
information that can be collected using the technique. Additionally the time taken for a 
DNA sample to be analysed can often be on the scale of 1-2 days and so 1-3 hours in this 
instance is not prohibitively long. Szynkowska et a l (2007) investigated whether 
contaminants {e.g. gunpowder, nickel and arsenic compounds) not originating from the 
fingerprint or substrate (glass, metal sheet etc.) could be identified [43]. The resulting 
images clearly showed that the contaminants could be identified in the fingerprints on the 
varying substrates. This work shows the great potential of ToF-SIMS for application in 
forensic investigation.
Table 2; Strengths and limitations of keV time-of-fiight-seeondary ion mass spectrometry 
(ToF-SIMS) [44].
STRENGTHS
• All elements from H onwards can be 
detected, as individual atoms or in 
molecular combinations
• Imaging capability (down to nm 
resolution)
• Unit mass resolution easily achieved
• Pg sensitivity
• Ability to depth profile
• Mass range of 0-10 kDa
LIMITATIONS
• Ultra high vacuum required
• Not portable
• Sample is sputtered away on a sub- 
mieron scale (destructive)
• Possible mass interferences due to 
fragmentation
• Deposition substrate can affect the 
secondary ion yield and the sputter rate
• Affected by topography (sample needs to 
be completely flat)
Further work by Szynkowska et al. (2009) has shown that it is possible to use ToF-SIMS 
for the detection and identification of illicit drugs (namely amphetamine, 
methamphetamine and methylene-dioxymethamphetamine) and their relevant distribution
10
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over a fingerprint [45]. The contaminate drugs amphetamine; methamphetamine and 
MDMA were transferred to fingers by direct contact with the powdered drug. Excess 
powder was removed by wiping with a piece of textile. The fingerprints were then 
deposited upon four different substrates (aluminium, steel, brass and glass) by touching the 
surface with the fingers. Samples of the illicit drugs were pressed into a pill form so that 
mass spectra of the drugs could be obtained without interference from fingerprints or the 
substrate.
Field of view: 500.0 x 500.0 pm^
M:26.98 
tc: 813977
M:77.04
tc:337148
M:91.05
tc-.B67179
M: 136.11 
tc:623759
total ion 
tc:46462030
Figure 1-5: Ion images showing (from left to right) the presence of aluminium {m/z 26.98), 
amphetamine {m/z 77.04, 91.05 and 136.11) and the total ion image [45].
Results showed that the drugs could be differentiated from the substrate (aluminium sheet 
etc.). However, the data presented by Szynkowska et al. (2009) in this work do not show 
fingerprint ridge detail (see Figure 1-5), which would be of fundamental importance in 
casework to demonstrate that the drugs were indeed found in the fingerprints and not 
simply on the substrate.
Work carried out by Fardim & Holmbom (2005) shows that ToF-SIMS can be used for 
imaging the surface of paper to aid in characterisation [46]. It was shown that whilst the 
spatial resolution of the technique might not be as good as field emission scanning electron 
microscopy (FF-SFM), it is advantageous because it can produce secondary electron 
images as well as chemical maps of the surface. The disadvantage of using ToF-SIMS is 
the lack of detailed morphology of some nanostructures in the paper; this is due to poor 
lateral resolution and surface damage if low raster sizes are used. By applying a Au-Pd 
coating the intensity of characteristic secondary ions of papermaking and paper coating 
chemicals was increased and this improved the ToF-SIMS imaging significantly. This 
article shows that ToF-SIMS is a useful technique for characterising paper and its various 
coatings and fillers.
11
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Lee et al. (2008) carried out research into red sealing-inks used in documentation in Asia 
[47]. They utilised ToF-SIMS in order to investigate whether the red sealing-ink was on 
top or below ink from a common ballpoint pen. The problem encountered with the ToF- 
SIMS instrumentation is the limited/small chamber size in which to fit the sample. Whilst 
it is possible to purchase large volume vacuum chambers, the time taken for the chamber to 
pump down to the correct pressure with an A4 sheet of paper inside could be on the scale 
of days. This means analysing a whole piece of A4 paper is not realistically possible and 
that a sub-sample must be taken. The authors also showed that it is possible to remove 
individual paper fibres from the sample containing ink from the paper and carry out 
subsequent analyses. This then allows for “covert” analysis of the document. It was 
deduced that it was possible to determine whether the black ballpoint pen ink was on top or 
below the red sealing-ink. However, how “covert” the removal of fibres from the surface 
actually is, is debatable.
Shibatani et al. (2008) have used ToF-SIMS to study depth profiles of inkjet ink 
components on paper [48]. The authors used Cs as the primary ions and coated the sample 
surface with platinum in order to prevent charging -  therefore sample information for the 
first 0-60s of analysis was from the platinum layer and subsequently, after 60s the Pt layer 
was passed and the top surface of the ink layer was exposed. Shibatani et al. (2008) 
decided to study the presence of a volatile compound (glycerine) that is used in the ink to 
help the ink flow smoothly during printing. Shibatani et al. (2008) used a fully deuterated 
form of glycerine so that it would be easily recognisable in the mass spectra. The group 
discovered that the glycerine was found throughout the entire depth of the ink from the 
bottom of the ink layer to the surface of the ink.
Dalton et al. (2002) have carried out research into the distribution of ink components 
throughout printed coated paper using ToF-SIMS [49]. The authors found that it is possible 
to analyse the chemical composition through an ink film that is printed on to kaolin (clay) 
coated paper via ToF-SIMS. Analysis was carried out by looking at specific fragments that 
represent the various molecular compounds found in the ink formulation. It is possible to 
gain some molecular structure information from various depths in the ink film by using 
ToF-SIMS. It was also found that at the surface of the ink there was a resin formed by the 
cross-linking of unsaturated hydrocarbons present in the ink formulation and was estimated 
that this resin thickness was approximately 35-50 nm. The authors concluded that none of
12
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the ink pigment penetrated into the (wood-free) paper eoating layer. This was from 
comparison of the ToF-SIMS ink-paper interface with the micro roughness of the coating. 
This article shows that it is possible to depth profile through 1.5pm of ink on to a paper.
Heard et al. (2004) have used gallium ion ToF-SIMS with high spatial resolution to further 
investigate the ability of ink to penetrate paper [50]. This was done by embedding the 
paper in resin and then analysing the cross-section of the paper as well as depth profiling 
the ink film deposited on the paper. ToF-SIMS analysis showed the ink layer as a visible 
thin line on the surface of the paper coating (see Figure 1-6). No penetration of ink into the 
paper layer appeared to have occurred.
Ink
Coating
-Paper
Figure 1-6: Time-of-flight-secondary ion mass spectrometry (ToF-SIMS) secondary ion
image of ink printed on coated paper [50].
Some inks however, reacted with the resin in which they were embedded; this meant that 
the ToF-SIMS technique could not be used. The authors then used focused ion beam (FIB) 
technology to cross-section the paper and to image the adsorption of the reactive inks into 
the paper. It was found that because the reactive inks used for FIB analysis was more 
conductive compared with the eoating, it gave a high contrast between them, which the 
authors believe allows for a simple assessment of the level of ink penetration into the 
paper.
13
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Coumbaros et al. (2009) showed that ToF-SIMS has the potential to be used in serious 
criminal cases where conventional ink analyses are inconclusive and further evidence is 
needed [51]. 13 ballpoint pen inks were analysed via ToF-SIMS. Background spectra were 
taken of the paper on which each ink was written, these were then subtracted from the 
spectra taken from the ink on the paper. The mass spectra were taken in both positive and 
negative ToF-SIMS mode. Owing to the nature of the dyes present in the ink, the negative 
mode yielded no significant peaks and so was not shown in the paper. The positive spectra 
of the inks analysed were compared to either mass spectral data obtained under identical 
conditions or from the literature. Differentiating between the 13 inks was relatively 
straightforward, however difficulty was found in distinguishing between inks of a certain 
brand and in one case two inks were indistinguishable fi*om one another. Further 
investigations included analysing thin layer chromatography (TLC) plates on which inks 
had been separated. TLC is regularly used in the analysis of inks due to its simple 
procedure and cheap apparatus [52]. The results of this work show that ToF-SIMS can be 
applied to the analysis of inks on paper alone or that the ink components can be separated 
via TLC and then analysed directly by ToF-SIMS. The authors felt the combination of 
TLC and ToF-SIMS would in fact be beneficial in the general analysis of inks. Future 
research is needed into other inks from different pens e.g. roller ball, fountain pens etc., as 
well as inks from printers and fax machines.
He et al. (2006) reported on the analysis of multiple layers of different coloured inks 
deposited on paper [53]. He et al. (2006) used ToF-SIMS to analyse various coloured inks 
and collected their mass spectra. From these, a set of characteristic masses was assigned to 
each eolour/ink, and non-overlapping peaks were selected to produce ion map images of 
the coloured ink handwritings. The experimental results showed that secondary ion images 
can be used to assess reliably the deposition order of overlapping inks on paper. Figure 1-7 
shows that if the overlapped inks are deposited within a close space of time it is actually 
very difficult to tell which was deposited first/last. This is possibly due to the inks mixing 
whilst they are still wet. Figure 1-8 shows that if inks are allowed to dry then it is far easier 
to tell the deposition order as the ink deposited last/on top will prevent the emission and 
detection of ions from the underlying ink. This leads to the “underneath” species being 
masked and appearing as a gap in the ion maps.
14
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Figure 1-7: Time-of-flight-secondary ion mass spectrometry (ToF-SIMS) ion images from 
a black fountain pen ink and a blue ballpoint pen ink (M: 349 = black fountain pen ink, M: 
358 = blue ballpoint pen ink). The ballpoint pen ink was deposited immediately after the
fountain pen ink was written [53].
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Figure 1-8: Time-of-flight-secondary ion mass spectrometry (ToF-SIMS) ion images from 
a black fountain pen ink and a blue ballpoint pen ink (M: 349 = black fountain pen ink, M: 
358 = blue ballpoint pen ink). The black fountain pen ink was allowed to dry for one and a 
half hours before the blue ballpoint pen ink was deposited [53].
Koeijer (2006) has reported initial findings on using keV time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) for determining the deposition order of overlapping fingerprints 
and inks [31]. The images presented only show a small section of where the fingerprint and 
ink overlap which could make conclusions subjective. It is not clear that Koeijer (2006) 
have fully examined the potential of using ToF-SIMS for overlapping fingerprints and inks
15
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and therefore the research in this project hopes to investigate this more comprehensively 
(by understanding the fundamental science that underpins it).
Attard Montalto et ah (2012) have recently presented a methodology for the use of ToF- 
SIMS as a technique for determining the deposition order of laser printed ink and natural 
fingerprints on paper [54]. The authors used scanning electron microscopy with energy 
dispersive X-ray detection to carry out initial investigations of the boundary where ink 
coated paper met plain paper; the results showed the change in surface topography where 
the laser printed ink coated the paper to where the paper was uncoated. Attard Montalto et 
al. (2012) then used ToF-SIMS to image blind samples of unknown deposition order. The 
images the authors produced were not that clear and they reported finding it difficult to 
differentiate between the fingerprint and paper, relying mainly on the Na, K and C3 H5 ions 
to image the fingerprint ridges. No attempt was made to analyse in the negative ion mode; 
the effects of donor and depletion variability as well as ageing of the deposited fingerprint 
were also investigated in this work. The authors reported a 100% success rate in 
determining the deposition order of the overlapping fingerprint and ink in all 21 blind 
samples they analysed. However, all of the conclusions appear to be based on a subjective 
observation of the images and no quantitative protocol was carried out or developed.
1.2.1.3 High energv secondary ion mass spectrometry (MeV SIMS)
High energy secondary ion mass spectrometry (MeV SIMS) is a modification of the 
conventional ToF-SIMS technique. It uses significantly higher energy ion beams to carry 
out analyses. This means that the primary ion beam can travel several centimetres through 
air (which is not possible for the low energy ion beam used in conventional ToF-SIMS) 
[55], [56] and chemical analysis of samples in air using MeV ion beams is currently under 
development [57].
This is an important area of investigation as conventional ToF-SIMS analysis is carried out 
in an ultra-high vacuum chamber (at 10'  ^Torr) and as such there is currently no published 
research on the effect of a vacuum on fingerprints. It will later be shown that compositional 
changes occur in fingerprints that are subjected to a vacuum chamber (see Section 6 for 
experimental results), therefore an atmospheric pressure analysis technique (such as MeV 
SIMS) will be beneficial. Additionally, atmospheric analysis permits the study of large 
objects that cannot be placed in a vacuum chamber (as the chamber is not needed).
16
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Theory
The primary ions used in MeV SIMS are To generate these ions, a mixture of gas 
eontaining 90% H2 and 10% O2 (100% O2 gas causes damage to the internal workings of 
the instrument) is allowed to flow into an ionisation chamber. A set of filaments is then 
heated to produce the thermionic emission of electrons which are accelerated towards the 
gas by a discharge voltage. A series of magnets is used to steer the electrons into a helical 
path (increasing the chance of collisions with the gas). The electrons collide with the gas 
molecules, ionising them and creating a plasma of ions and electrons.
An extraction voltage of around 20 kV is then applied to the electrodes at one end of the 
chamber in order to extract negative ions. A set of Einzel lenses then guide the ions 
towards another magnet which steers ions of the desired mass into the tandem accelerator. 
The beam of negatively charged ions enters the tandem linear accelerator at one end and 
the ions are accelerated towards the high positive voltage (up to 2 MV) at the centre of the 
accelerator vessel. When the ions reach the centre they encounter the stripper gas (N2). 
This gas removes electrons from the negative ions and makes them positively charged, 
repelling them from the high positive voltage at the centre and accelerating them towards 
earth potential at the other end of the accelerator. The ions are therefore accelerated twice: 
once towards the terminal and secondly away from it. Therefore, if the positive voltage at 
the centre of the accelerator is at 2 MV then singly charged ions leaving the tandem 
accelerator will have energies of 4 MeV. For multiply charged ions, energies up to 10 MeV 
can be obtained.
Upon exiting the accelerator vessel, the beam passes into the switching magnet where it is 
directed down one of the beam lines (in this case a microbeam line). A set of quadrupoles 
are then used to focus the beam down to the right diameter on the target. The primary ions 
collide with the target surface and transfer their energy to the target atoms present in a 
series of binary collisions. This increase in energy in the surface means that some high 
energy target atoms (called recoil atoms) collide with more atoms in the target surface. 
Target atoms that recoil back through the sample surface produce sputtered material. 
Photons and primary ions can also be ejected from the surface. Not all collisions lead to 
ejections from the surface. In fact, many atoms close to the surface are embedded further 
into the material and cause surface mixing. The charged molecular fragments that are 
ejected from the surface are attracted towards the time-of-flight tube. This tube is
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responsible for allowing the sputtered material to separate according to the mass:charge 
ratio throughout the flight (see Section 2.5.1). The sputtered material is then detected by 
the mass analyser, which outputs a spectrum of time-of-flight vj. intensity of ions. The 
time scale can be converted to mass-to-charge ratio {m/z) by appropriate calibration. The 
strengths and limitations of MeV SIMS are shown in Table 3.
Table 3: Strengths and limitations of MeV SIMS [30, 58].
STRENGTHS
• All elements from H onwards can be 
detected, as individual atoms or in 
molecular combinations
• Imaging capability (down to pm 
resolution)
• Capability to depth profile
• Potential for ambient pressure analysis
• » lk D a  masses can be detected
LIMITATIONS
• High Cost
• Non-commereial instrument -  brand new
• Sample is sputtered away on < 1 pm scale
• Possible mass interferences due to 
fragmentation
• Deposition substrate can affect the 
emission of secondary ions
• Poor mass resolution compared to ToF- 
SIMS
Literature review
Bailey et al. (2010) have shown how MeV SIMS can be used to analyse overlapping 
fingerprints and ink in order to determine their deposition order [30]. Figure 1-9 reports the 
spatial maps of the paper, fingerprint and ink molecules and where they are located within 
the sample. It is clearly seen in Figure l-9(d) that the fingerprint molecules are on top of 
the ink line as the ink signal is partially masked by the fingerprint material. Comparing 
Figure l-9(d) to Figure l-9(e), where the ink is on top of the fingerprint, it is seen that the 
ink fully covers the fingerprint as expected.
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Figure 1-9: Spatial maps of ions, generated via MeV SIMS of (a) paper; (b) fingerprint 
residue; (c) ink and overlays thereof in (d) fingerprint deposited on top of the ink (blue = 
ink, pink = paper, green = fingerprint, yellow = fingerprint + paper); (e) shows a different 
sample where is ink deposited on top of the fingerprint (adapted from [30]).
Figure 1-10 shows how the fingerprint and ink signals vary as a function of analysis time. 
Figure 1-10(a) (fingerprint deposited on ink) shows a gradual decrease in the fingerprint 
signal, while the ink signal increases. This is consistent with the fingerprint being sputtered 
away to reveal the ink underneath. The reverse happens in Figure 1-10(b) (ink deposited on 
fingerprint), the fingerprint signal increases, whilst there is some decrease in the ink signal. 
This is consistent with the ink layer being sputtered away to reveal the fingerprint material 
beneath [30]. Bailey et ah (2010) suggest that no further research is needed other than to 
corroborate their work. It should be highlighted however, that hand cream had to be used 
in order to achieve any results. Therefore, more research must take place in order to 
understand the fingerprint chemistry involved in areas where they overlap with ink.
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Figure 1-10: Depth profiles of (a) fingerprint on top of ink and (b) ink on top of fingerprint
[30].
The use of already existing ion beam analysis techniques such as particle induced X-ray 
emission (PIXE) and Rutherford backscattering spectrometry (RBS) used in conjunction 
with MeV SIMS will make a highly competitive surface analysis technique [59]. 
Quantification of the MeV SIMS signal should be less problematic than for ToF-SIMS as 
these techniques are not as influenced by the same electric field effects [39], [60].
Matsuo et al. (2010) have carried out research into using high energy primary ion beams 
for molecular depth profiling and imaging of organic and biological materials [61]. 
Molecular depth profiling was carried out on an organic multi-layered material using non 
size-selected cluster ions of Arjoo; the multilayer structure was clearly revealed using Ar 
cluster ions. However, Shard et a l (2007) suggest that when Cgo ions are used as primary 
ions, the sputtering yield has been reported to be nonlinear and it is difficult to produce 
clear molecular depth profiles [62]. Molecular imaging was carried out on rat white lipid 
cells that were seeded and cultured on sterilised silicon wafers. The cells were then 
analysed by MeV SIMS using a 6 MeV Cu primary ion beam. Figure 1-11 below shows 
some of the images obtained by fluoroscopic and MeV SIMS analysis. The MeV SIMS 
images show cell material in an area not found by the fluoroscopic analysis (highlighted by 
the dotted circle). This is believed to be because of the high sensitivity demonstrated by 
MeV SIMS.
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Figure 1-11 : (a) Fluorescence image of rat white lipid cells (b) high energy secondary ion 
mass spectrometry image of PO3' (c) Fragment ions of phosphatidylinositol (PI); field of
view 150 pm x 150 pm [61].
Matsuo et al. (2010) also investigated using vacuum chambers for analysis and were able 
to produce a mass spectrum for liquid 1 -octanol on a silicon surface at a pressure of 
approximately 450 Pa. The droplet disappeared after 10 minutes in the vacuum system. 
The authors showed that they detected fragments from the droplet and not the vapour phase 
as they detected dimers and trimers of the M^ ion which would not be found in the vapour 
phase.
1.2.1.4 Matrix assisted laser desorption ionisation (MALDD
Matrix assisted laser desorption ionisation (MALDI) is an established technique for the 
detection, identification, and characterization of biopolymers such as peptides, proteins, 
and DNA.
Theorv
MALDI (like ToF-SIMS) works on a similar principle to DESI. It is based on the process 
of bombarding a sample surface with a pulsed laser, which leads to the formation of a gas- 
phase of the analyte molecules [63]. In order to assist with desorption of the analyte from 
the sample, a matrix (or chemical compound) can be applied to the sample in order to help 
the desorption mechanism. The matrix acts as a shield to the laser pulse (protecting the 
analyte molecules from receiving too much energy and decomposing). This transforms the 
laser energy into excitation energy which is then passed to the sample analytes. This 
enables the analyte and matrix molecules to be desorbed from the surface without 
excessive fragmentation, allowing for a more accurate detenuination of the identity of a 
molecule. The molecular ions and fragments are directed (by pneumatic assistance (PA-
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MALDI) or via an electric field) towards a mass spectrometer for analysis. The strengths 
and limitations of MALDI are shown in Table 4. Figure 1-12 shows a basic diagram of a 
MALDI instrument [64].
Table 4: Strengths and limitations of matrix assisted laser desorption ionisation [63-66].
STRENGTHS
• Complete systems are 
commercially available
• Can take place at ambient 
pressures
• Can carry out molecular image 
mapping at resolutions of 150 
pm X 150 pm
• Mass range from 0-20 kDa
• Unit mass resolution can be 
achieved
LIMITATIONS
• Sample preparation needed -  can be a time 
consuming process and potentially 
changes the chemistry of the sample
• Ambient pressure analysis is not as 
sensitive as vacuum pressure analysis
• By adding a matrix it is possible to 
destroy/damage the original sample, 
making further analysis difficult
• Cannot get depth information
• Sensitivity is dependent on application of 
matrix -  reliability concerns and 
quantification difficult.
Laser
Beam
Analyte _
ion Q
A  To M ass
Analyzer
Matrix
Ion
Analyte/Matrix 
Mixture
Figure 1-12: Basic representation of a matrix assisted laser desorption ionisation
instrument [64].
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Literature review
Research carried out by Wolstenholme et al. (2009) investigated two areas of forensic 
science [65]. Firstly, the ability for MALDI to produce ion images that could be used to 
generate maps showing the friction ridges found in latent fingerprints was investigated. 
Secondly, an investigation was undertaken on the effect of ageing on fingerprints by 
measuring the levels of oleic acid (produced by the body as a breakdown product of lipids) 
found in latent fingerprints by MALDI. Groomed latent fingerprints were prepared by 
rubbing the fingers on the forehead, nose and chin, five times, to produce a sebum-rich 
fingerprint. In order to produce ungroomed fingerprints, hands were washed using alcohol 
wipes and normal work activities were continued for a period of 15 min before deposition 
[65]. MALDI imaging was carried out on an ungroomed fingerprint and the results are 
shown in Figure 1-13 [65].
Figure 1-13 shows that MALDI can produce good images, especially from ions with m/z 
ions 230.2 and 369.4 (relating to possibly 13-aminotridecanoic acid and cholesterol, 
respectively). However, establishing the molecular identity is not of great importance for 
fingerprint imaging, provided it is only necessary to view and reconstruct the whole 
fingerprint with good resolution using these ions. However, to identify illicit drugs or other 
contaminants in the fingerprints, the analyst will need to be able establish the identity of 
the detected ions. The authors also commented that surprisingly the matrix enhancing ions 
(produced from a-cyano-4-hydroxycinnamic acid) did not interfere with the detection of 
the above ions [65]. The major ions produced from this matrix are m/z 190 [(M+H)^], 212 
[(M+Naf], 228 [(M+Kf], 235 [(M+2Na)+], 251 [(M+N+K)*] and 379 [(2M+Hy], where 
M is the molecular ion of the matrix [67]. It was found that after washing away the matrix 
the non-desorbed lipids would stay on the sample substrate. This was confirmed when re­
application of matrix and re-analysis by MALDI took place. However, the intensity of 
oleic acid was much lower than for the first analysis, and dehydrated oleic acid was no 
longer detected. The washed (no longer containing matrix) fingerprint could be visualised 
and enhanced with normal magnetic powder and images were produced that allowed 
further searching and matching in existing databases (data not shown) [65].
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stearic aad nonandecanoic acid 
m/z 299.5
Oleic acid13- aminotndecanoic acid 
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Figure 1-13: Matrix assisted laser desorption ionisation (MALDI) ion images showing 
various species with their m/z ratios (no image scale supplied) [65].
In order to investigate how fingerprints age, oleic acid levels were analysed after samples 
had been heated to 4°C, 37°C and 60°C for 7 days. The authors found that the signal 
intensity from oleic acid {m/z 283.2) decreased as the temperature was increased. However 
the signal intensity from dehydrated oleic acid increased as temperature also increased, but 
the species was difficult to detect after ageing at 60°C for 7 days. The authors concluded 
that further work was needed to take into account environmental conditions, and that the 
technology could be used to place a suspect at the scene of crime, to any time before, 
during or after the crime. This appears to be largely unfounded based on the current results, 
which did not investigate the variability between donors, reproducibility of the technique 
or many environmental factors.
Recent work by Francese et al (2011) has shown that MALDI can be used to image 
fingerprints contaminated with condom lubricant [68]. “It presents the first use of any 
technique to bring analysis of condom lubricants and fingerprints together, potentially 
enabling forensic scientists to provide further support to the evidence in alleged cases of 
sexual assault” [68]. The work presented showed that by mapping ions that originate from 
condom lubricant it can show that a suspect accused of rape came into contact with a 
condom. Then depending on where the fingerprint containing the condom lubricant is 
found (at the crime scene), this could provide strong evidence against the suspect. 
However these results were all carried out on controlled samples and the deposition 
substrate for the fingerprints was a prepared aluminium surface designed for MALDI.
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Further work by Francese et al. (2011) has developed a matrix application method (named 
the “dry-wet” method) that allows for the imaging and analysis of fingerprints on varying 
surfaces [69]. The new method involves using a powdered matrix (ground a-cyano-4- 
hydroxycinnamic acid) which is used to dust (in the traditional manner) for fingerprints on 
various surfaces. The matrix has the ability to fluoresce and so allows for fluorescent 
optical images of the fingerprint to be taken. The fingerprint was lifted onto a typical “CSI 
tape” and then (using double-sided carbon tape) attached to a MALDI “OPTI” analysis 
plate for analysis via MALDI producing ion maps as before. This is an important 
development as it enables fingerprints to be analysed on real-life fingerprints, not just those 
deposited on thin aluminium sheets. Further work is being undertaken to improve the 
application of this powder matrix.
Research lead by Weyermann, has shown that the MALDI matrix may not be necessary for 
some types of analysis and that using a laser alone could be better [70]. Weyermann et al. 
(2006) investigated the ageing of ball point pen inks via MALDI and laser desorption 
ionisation (LDI). Two commonly occurring dyes (methyl violet and ethyl violet) were 
tested, by drawing pen lines on paper and then the dyes were extracted into solution before 
being deposited on gold plates in order to be analysed. Weyermann et al. (2006) found that 
the dyes readily absorbed the laser light (in LDI) and were easily ionised. The use of a 
matrix enhancer (for MALDI) did not improve the measurements taken. Also, the matrix 
itself is an acid that could potentially chemically influence the organic dyes. No direct 
MALDI analysis occurred of the inks on paper, which is a constraint of the techniques for 
forensic purposes.
Work by Chen (2005) showed that MALDI and electro spray ionisation (ESI) could be 
utilised to differentiate between red ink dyes deposited on paper [67]. MALDI analysis was 
carried out on samples dissolved in methanol and on TLC scrapings of separated inks. 
Chen (2005) found that the TLC scrapings of each ink would add up and contain all the 
peaks found in the dissolved solution containing the ink on paper. ESI analysis was used 
for verifying the results from MALDI. Chen (2005) reported that MALDI followed by 
confirmatory ESI mass spectrometry is a useful and reliable analytical scheme for the 
evidential characterization and identification of ballpoint pen inks and dyes [67].
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1.2.1.5 Gas chromatography (GO
Gas chromatography (GC) is one of the most widely used techniques for qualitative and 
quantitative analysis. GC is a separation technique coupled to a detector (normally a mass 
spectrometer (MS)) that separates the fingerprint constituents so that they can be analysed. 
Mass spectrometry allows for unequalled sensitivity, detection limits, speed and diversity 
of applications [71]. Since their hyphenation, gas chromatography -  mass spectrometry 
(GC-MS) has become one of the most popular hyphenated techniques and has made it the 
“workhorse of trace organic laboratories” [72]. However, in the sample preparation step of 
the technique the fingerprint is completely lost as it needs to be dissolved for analysis.
Theorv
Chromatographic techniques, such as gas chromatography, are useful for analysing multi- 
component samples as they are based on separation science. The chromatographic part of 
the technique is used to separate out the sample molecules so they can be analysed 
individually. GC operates in the gaseous phase and relies upon the sample molecules being 
volatile enough to be transferred into a gaseous state [73]. This normally means it is 
difficult to analyse inorganic compounds by GC.
In GC the sample is injected into the instrument and is volatilised. Then the sample is 
mixed with a mobile phase (an inert gas) and passed into the column where a stationary 
phase is found. Separation of the analytes under investigation is determined by the affinity 
of these chemicals to the stationary phase. The greater the affinity, the longer it takes for 
the analytes to pass through the column [74]. GC-MS involves using a mobile phase 
(carrier gas) to drive the separation of analyte molecules through a column. The carrier gas 
must be chemically inert (so as to not react with the analyte molecules) and as such the 
most common mobile-phase gas is helium, although argon, nitrogen and hydrogen can also 
be used. The pressure of these gases is controlled by gauges, flow meters and pressure 
regulators. The flow rate of the carrier gas can affect the analysis and as such is carefully 
regulated and selected as part of the analytical method. Typical flow rates are around 1 
mL.min"\ The carrier gas is allowed to flow into the sample injection chamber where it is 
mixed with the injected sample.
For an efficient and accurate separation, the sample must be added to the column in the 
form of a “plug of vapour” [72]. Essentially this means two things 1) the sample must be
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vaporised, the sample injector (see Figure 1-14) is heated so that this is possible and a 
rubber septum prevents the vapour from escaping from the sample injection chamber. 2) 
The sample must be injected to the sample injection chamber rapidly. A slow injection will 
cause broad peaks and chromatograms that are difficult to evaluate and analyse.
Figure 1-14 shows a simple schematic diagram of a GC-MS instrument.
Flow Controller Injector
Sample Injection Chamber
Computer
Display
DetectorCarrier Gas
Column Oven
Column
Figure 1-14: Schematic diagram of a GC-MS instrument [73].
There are two types of column used in gas chromatography: packed columns or capillary 
columns. In the present day, capillary columns are favoured, especially when used in 
conjunction with a mass spectrometer detector due to the better separation from the 
capillary type columns [73]. Columns vary in length from less than 2 m to 50 m or more, 
and they are commonly constructed from fused silica or Teflon [73]. The column 
temperature (like flow rate) can have an impact on the analysis and therefore, the column is 
normally housed inside a thermo stated oven. The optimum column temperature depends 
roughly on the boiling point of the sample and the degree of separation desired. For 
samples with a broad boiling point range, it is possible to program the oven to change the 
temperature during the analysis in order to maximise efficiency [73]. The sample is then 
fed directly into the ion source of the mass spectrometer via a vacuum-tight flange. As 
discussed in Section 2.5 there are different types of mass analysers. For this research a 
quadrupole mass analyser (see 2.5.2) was utilised, due to the inexpensiveness, compactness 
and robustness of the detector. Analyte molecules exit the column and pass directly into 
the mass spectrometer unit. Here they can be ionised in one of two ways:
Electron ionisation
Formally called electron impact, this method involves using a heated filament to generate 
electrons which are then directed towards the gaseous molecules of the analysed sample
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and then injected into the source. The electrons transfer their kinetic energy to the 
molecules, which can result in an ejection of another electron thus creating an ion; there is 
often enough excess internal energy in the ion (from the energy transfer) that unimolecular 
dissociations can occur [71-72], resulting in fragmentation of the molecular ion. In fact 
there is often such a large excess of internal energy that this ionisation technique induces 
extensive fragmentation in molecules, and as a result it is often not possible to observe the 
intact molecular ion.
Chemical ionisation
Often referred to as “soft” ionisation, this method produces ions with little excess energy 
thus allowing the observation of molecular ions. The technique consists of colliding the 
analyte molecules with primary ions generated within the source [71]. The primary ions are 
generated by taking a reagent gas (typically methane, isobutene, ammonia or water) and 
ionising the molecules by electron ionisation. The primary ions are then collided with the 
analyte molecules and only a small amount of energy (with a narrow distribution) is 
transferred to the analyte molecules via these collisions [72]. Owing to the small amount of 
energy being transferred, the analyte is “softly” ionised and does not fragment as much, 
giving rise to a higher yield of molecular ions. For the purposes of this research electron 
ionisation was used, due to its simplicity.
Table 5: Strengths and limitations of gas chromatography [72].
STRENGTHS LIMITATIONS
• Inexpensive
• Commercially available
• Relatively quick analysis time (less than 
1 hour), although this does include 
sample preparation time.
• Very sensitive -  picogram sensitivity 
possible
• Quantitative
• Entire sample is destroyed
• Sample preparation is time consuming
• Can only analyse for organic molecules
• No imaging capability
• Requires > 1 fingerprints for analysis
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Literature review
Croxton et al. (2006) developed a GC-MS method for the analysis of latent fingerprints on 
non-porous surfaces [75]. The authors tested three main methods based around extracting 
10 full latent fingerprint samples (firom a Mylar polyester film surface) into one of three 
extraction solutions. The samples are then blown down to dryness under a stream of 
nitrogen at room temperature. The samples are then dissolved in 50 pL hexane and 
sonicated for 1 min before being analysed [75]. This method allows for easy analysis and 
detection of fingerprint residues. However, the downside is that 10 full latent fingerprints 
are needed and destroyed. This is fine for research purposes, but in criminal investigation a 
non-destructive, more efficient method is needed.
Areher et al. (2005) also used GC-MS for the analysis of latent fingerprints [76]. The study 
focussed on changes in lipid composition in the latent fingerprint residue with time, after it 
was deposited on a surface. A protocol for depositing fingerprints was established, 
including a grooming procedure. Given the potential for the fingerprint deposits to change 
after deposition it was necessary for the authors to collect the fingerprints in as short a time 
period as possible. However, sequential deposition of fingerprints does not give repeatable 
depositions and so a minimal amount of time was allowed to elapse between depositions. 
Despite this controlled manner of collecting samples, the results showed considerable 
variation between individual samples in terms of the amounts of substances deposited. 
Archer et al. (2005) concluded this was for any number of reasons including: uneven 
distribution of latent residues on the fingertips, uneven pressure application during 
deposition of fingerprints and uneven splitting of fingerprint samples -  the splitting 
involved cutting the deposited fingerprint in half [76]. Despite the variations in the results, 
the authors found the general composition of fresh latent fingerprint samples determined 
during the study were in agreement with previous studies of fingerprint composition and 
skin surface lipids. The results firom this investigation showed that squalene was lost from 
fingerprints stored in the dark or light, although, loss occurred fastest in the light. The 
levels of some fatty acids in the fingerprints initially increased during storage (for up to 20 
days) followed by a decrease back to original levels. Overall samples stored in the light 
followed a general trend of a decrease in levels of fatty acids over the maximum 33 day 
storage period.
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Bernier et a l (2000) have utilised GC-MS for analysing human skin emanations 
(chemicals originating from the skin) [77] to understand why mosquitoes {Aedes aegypti 
(L.).) are attracted to humans for feeding. Bernier et a l (2000) explained that laboratory 
bioassays have shown that the human skin residue is attractive to mosquitoes until the 
compounds of importance evaporate; the procedure used (in this report) to evaporate these 
compounds was accomplished by thermal desorption in a heated GC injection port. This 
allowed for solventless injection of volatiles on to the column. Bernier et a l (2000) then 
carried out cryofocussing of the compounds on the head of the column with liquid nitrogen 
prior to GC separation; this effectively allows for pre-concentration of volatile compounds 
at the head of the column (that might normally elute too quickly and therefore not be 
detected). A combination of electron and chemical ionization modes were used on two 
different GC columns in order to identify most of the 346 compound peaks detected in this 
paper; Bernier et a l (2000) divided these 346 compounds into the following categories: 
Carboxylic acids, alcohols, aldehydes, aliphatic/aromatics, amides/amines/related, esters, 
halides/related, heterocyclics, ketones, sulfides, thio/thioesters/sulfbnyls, urea/related, 
compounds present in background/blank analyses. This list of compounds is quite 
comprehensive compared to other studies using GC-MS.
Weyermann et a l (2007) investigated the drying of ink on paper by analysing with GC-MS 
[78]. They extracted the ink from paper into a solution and then analysed the solution by 
GC-MS, operating the MS in selected ion mode (selected ion mode works in the same way 
as target compound chromatograms). This allowed the authors to target specific ions 
within the ink extraction. Weyermann et a l (2007) focussed on looking at the solvents 
within the ink and how as they were lost induced ageing in the ink deposit. This study 
found that phenoxyethanol is located as an ink solvent in more than 90% of the studied 
ballpoint pens [78]. Weyermann et a l (2007) demonstrated that ink ageing by solvent 
disappearance is due to the competitive processes of evaporation and diffusion. Solvents 
with a low viscosity diffuse quickly in paper, thus increasing the evaporation surface and 
rate. Weyermann et a l (2007) concluded that precise dating of ink would not be possible, 
but age boundary limits could eventually be determined with a lot more research. The 
difficulty presented is that ink manufacturers change the composition of their inks 
regularly and so it would be difficult to build a database of inks. Also, consideration of the 
contact with other inks needs to be taken into account. The authors stated that in real-case
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situations the conditions found would have an impaet on the results. This then renders the 
dating of ink entries through their presented method to be very ambiguous.
1.2.2 Spectroscopic methods
Spectroscopic methods rely on non-destructive teehniques to analyse samples. They do not 
provide mass information; instead, they rely on providing information about the bonding 
and energy states of the molecule and elements.
1.2.2.1 Attenuated total refleetance -  Fourier transform infrared speetroseopv (ATR- 
FTIR)
Theorv
The theory of attenuated total reflectance -  Fourier transform infrared spectroscopy (ATR- 
FTIR) is discussed in detail in the materials and methods section (Section 2.7) however the 
strengths and limitations of ATR-FTIR are summarised in Table 6.
Table 6: Strengths and limitations of attenuated total reflectance -  Fourier transform 
infrared spectroscopy [79].
STRENGTHS LIMITATIONS
Does not provide molecular species 
information (poor selectivity) 
Cannot depth profile 
N on-quantitative
Low sensitivity compared to mass 
spectrometrie techniques
• Non-destructive
• Imaging capability
• Gives complementary 
information compared to mass 
spectrometry
• Inexpensive
• Commercially available
Literature review
In the early work by Bartiek et al. (2002) on imaging latent fingerprints using FTIR adult 
and children’s fingerprints were deposited on aluminium coated microscope slides for 
analysis [80]. The authors found that infra-red (IR) reflection-absorption analysis had 
greater sensitivity over microscopial Raman spectroscopy. Figure 1-15 below demonstrates
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how younger children produce much less material in their fingerprints than older children. 
Figure 1-15A shows that because younger children produce less material in their 
fingerprints, the IR spectrum has very weak peak intensities and it is difficult to identify 
key peaks. Figure 1-15B shows a sebaceous fingerprint from an older child (nine years 
old), and the peaks are much stronger and clearer, allowing for better identification. There 
is also a clear difference between the two photomicrographs, in Figure 1-15B it is possible 
to make out a fingerprint ridge running from top to bottom. However it is not possible to 
see this in Figure 1-15A, this is most probably due to the extra material deposited in 
preparing sebaceous fingerprints over eccrine. Without comparing the eccrine and 
sebaceous fingerprints from the 4 year old and the same from the 9 year old it is difficult to 
draw conclusions about how age affects the amount of material deposited.
Further work by Williams et al. (2004) [81] continued the previous work of Bartick et al. 
(2002) [80] and compared adult sebaceous fingerprints with adult eccrine fingerprints, 
showing the subtle differences found between them. The experimental procedure was the 
same as that of Bartick et al. (2002) described above. The results showed that droplets of 
material found in the eccrine and sebaceous fingerprints were chemically similar; however 
the intensity of the signals in the IR spectrum differed because of the quantity of material 
deposited. The authors identified two solid particles in both sets of fingerprints which were 
chemically similar, however the particle found in the sebaceous fingerprint contained a 
peak attributed to the carbonyl stretching vibration of an acid ester. Williams et al. (2004) 
argue that squalene (a known component of latent fingerprints [6]) is not the major 
component in fingerprints and that squalene will undergo oxidation in the presence of 
bacteria to form a dicarboxylic acid. This, in turn can undergo estérification to produce the 
acid ester the authors detected, although the length of this acid ester carbon chain has not 
been determined.
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Figure 1-15: (A) IR spectrum and photomicrograph of a four-year-old boy's eccrine 
fingerprint (B) IR spectrum and photomicrograph of a nine-year-old boy’s sebaceous
fingerprint [80].
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Bartick’s work is continued further by Crane et al. (2007) [82]. Crane et al. (2007) 
deposited sebaceous loaded fingerprints on various substrates (including black rubbish 
bags, a can of “Dr. Pepper”, duct tape, eopier paper, eigarette butt paper, U.S. dollar bill 
(see Figure 1-16) and others which were not presented in their results) and the substrates 
were then taped flat on a MirrIR slide for analysis.
!
1.72 mm
(c) (d)
Figure 1-16: U.S. Dollar bill with a latent fingerprint, (a) Scanned image of a U.S. Dollar 
bill, (b) Infrared image of the outline area of a dollar bill, revealed by using the second 
derivative band intensity at 1016 cm"\ (e) Isolated image of the number “3”. (d) isolated 
image of the border design on the bill obtained by seeond derivative band mathematics
[82].
Crane et al. (2007) found that fingerprints deposited on reflective surfaces sueh as 
aluminium cans or rubbish bags (slightly less reflective), provided good IR images of 
fingerprints without the need for manipulation of the data. The blaek rubbish bag did not 
produee as good results as the aluminium, however it is difficult to keep flat and so “areas 
of the image where wrinkles were present appear smudged on the ER image, but adequate 
fingerprint detail is retained for these areas” [82].
Work by Ricci et al. (2007) has demonstrated chemical images of latent fingerprints being 
colleeted with gel lifters from different surfaces, and being analysed using ATR-FTIR [83]. 
Spatially resolved chemical images from different depths within the same sample were 
obtained using AT-FTIR imaging with a variable angle ATR accessory to minimise 
interference from the substrate. The images obtained demonstrated the applicability of 
using the gel lifters for forensic samples. This is in aeeordance with current practice as
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would be used for collection of fingerprints in actual crime scenes [83]. Figure 1-17 shows 
latent fingerprints collected from a door handle using the two types of gel lifters used by 
Ricci et al. (2007) The marks were then analysed by ATR-FTIR and the spectra shown in 
Figure 1-17(c) and Figure 1-17(d) were produced. This work was one of the first 
demonstrations that fingerprints can be imaged and analysed using ATR-FTIR.
print
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Figure 1-17: Attenuated total reflectance -  Fourier transform infra-red (ATR-FTIR) 
spectroscopic image of latent fingerprints. The imaged area is 2.5 x 3.6 mm^ and the 2830- 
2870 cm'^ integration range was used to represent the distribution of lipids. The following 
lifting media were used: (a) BVDA GelatineGel; (b) Dycem Print Lifter [83].
Further work by Ricci et a l (2010) showed that the method developed to analyse for 
various cosmetics and drugs could be adapted for fingerprint analysis. It was possible to 
distinguish between the fingerprint and the microscopic particles left in the ridges of a 
person’s finger {e.g. gammaAiyàïoxyhuXymXQ (GHB)) as shown in Figure 1-18 [84]. In this 
work Ricci et al. (2010) reported that it is possible to image fingerprints and be able to 
identify any foreign material to the latent fingerprint [84]. This may be in the form of 
drugs, such as GHB, or in cosmetics, such as make-up, body moisturiser and lip gloss.
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Figure 1-18: Attenuated total reflectance -  Fourier transform infra-red (ATR-FTIR) image 
of a fingerprint showing (a) the protein distribution in the mark and (b) a microparticle of
GHB drug [84].
Mou et al. (2009) showed that ATR-FTIR can be used for identifying three types of 
explosives found in trace amounts in fingerprints [85]. Fingers were contaminated with the 
different explosives and deposited on stainless steel (which is transparent in the infrared 
region) so as to simulate a realistic situation on a metal lid from a jar. When Mou et al. 
(2009) viewed the fingerprints with the naked eye they could clearly see the fingerprints. 
However, under a microscope at x200 magnification the fingerprints appeared fragmented. 
Only irregular shaped small sections were present, which were identified as either 
explosive particles or finger residues. Mou et al. (2009) decided to only look at particles 
that were 20 pm in diameter or larger for 3 reasons: 1) particles smaller than this were 
difficult to view using the microscope available; 2) it was difficult to locate the probe on 
such small particles; and 3) there were larger particles that were available for analysis. 
Mou et al. (2009) reported that there was no visual interference with the fingerprint when 
comparing the images before and after detection, which means ATR-FTIR should be 
regarded as non-destructive when detecting explosives on a hard surface. However, as can
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be seen in Figure 1-19 (images (a) and (b)) the fingerprint residue particle has clearly been 
changed in some way by the probe. This suggests the technique does in fact show visible 
change in some of the sample. Mou et al. (2009) showed that particles of explosives and 
finger residues cannot normally be discriminated by their morphology alone [85]. 
However, the infrared spectra can differentiate between them. Mou et al. (2009) concluded 
that particles found in contaminated fingerprints can be a mixture of explosives and normal 
finger residue. Therefore, great attention should be taken before searching an infrared 
library for the spectrum in order to confirm there is no interference from finger residue.
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm *■')
Figure 1-19: a) image of a finger residue particle before infrared detection, b) the same 
image after infrared detection, and e) the infrared spectrum of this fingerprint residue
particle [85].
ATR-FTIR is useful for imaging fingerprints and helping to identify some of the molecules 
found in the latent fingerprint (be they exogenous or endogenous). However, ATR-FTIR 
lacks the sensitivity of a mass spectrometer as well as the molecular specificity.
1.2.2.2 Scanning electron microscopv -  energv dispersive X-rav analvsis fSEM-EDX)
Theory
Scanning electron microscopy -  energy dispersive X-ray analysis (SEM-EDX) is a type of 
electron microscopy that produces images of a sample by irradiating the micro volume 
being analysed with a finely focussed electron beam [86]. In scanning electron microscopy 
(SEM), there are many types of signals generated when the electron beam interacts on a
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Specimen surface; secondary electrons, backscattered electrons, Auger electrons, 
characteristic X-rays and photons of various energies. The signals of greatest interest for 
imaging are the secondary and backscattered electrons, since these vary with differences in 
the surface topography. Backscattered electrons are beam electrons (those originating from 
the electron source) whose trajectories have intercepted a surface and which then escape. 
This phenomena occurs due to elastic (and some inelastic) scattering events, brought about 
by the incoming electrons being repelled by the shell electrons of the atoms in the 
specimen (see Figure 1-20) [86]. Secondary electron emission is a result of inelastic 
scattering of the beam electrons. The incident electrons impart some of their kinetic energy 
to a valance electron which can allow it to be ejected. By processing the data from the 
secondary and backscattered electrons, it is possible to create high resolution images of 
surfaces.
Incident Electron
Ejected Orbital 
E lectron
Incident E lectron
(a) (b)
Figure 1-20: Schematic diagram showing the phenomena of (a) inelastic and (b) elastic
scattering [87].
incident Electron
X-Ray Photon
Ejected Orbital Electron
Figure 1-21 : Production of characteristic X-rays by removal of inner electron and electron 
transition resulting in photon emission (adapted from [87]).
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In order to produce and gather data about the composition of the specimen, the 
characteristic X-rays that are emitted must be investigated. The analysis of the 
characteristic X-ray radiation can yield both qualitative and quantitative information about 
the composition of the specimen; this data allows the analyst to see the change in 
chemistry of a specimen. Characteristic X-rays are emitted when the incident (beam) 
electrons interact with the tightly bound inner shell electrons and eject an electron from a 
shell. The atom is now left as an ion in an excited state with a missing inner shell electron. 
The atom relaxes to its ground state (lowest energy) by allowing a higher energy 
electron to fill the shell and release the excess energy in the form of either Auger electrons 
or, more importantly for elemental analysis. X-rays (see Figure 1-21). These characteristic 
X-rays are used to identify the elemental composition and measure the abundance of these 
in the sample. It is also possible to map the location of each element within the sample to 
produce elemental maps of the specimen. The strengths and limitations of SEM-EDX are 
summarised in Table 7.
Table 7: Strengths and limitations of scanning electron microscopy with energy dispersive 
X-ray detection (SEM-EDX) [86].
STRENGTHS LIMITATIONS
High-resolution imaging 
Commercially available and well 
established
Inexpensive running costs 
Non-destructive
Does not provide molecular species 
information -  only elemental 
Low sensitivity compared to mass 
spectrometric techniques 
Charging effects on organic substrates 
difficult to overcome without 
compromising on chemical information 
Vacuum technique
Literature review
Scruton et al. (1975) utilised SEM imaging to investigate the physical principles 
underlying the transfer of material from a finger to a solid surface [10]. In particular they 
were concerned with the different forms the deposits take, the stability of the fingerprint 
material with time, and the development of a physical model to explain the observed
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effects. Results indicated that the microscopic ridge surface is not sufficiently deformed by 
the applied pressure. The principal effect of pressure is deforming the bulk of the ridge in 
order to create more contact points with the substrate, thus increasing the amount of 
material transferred [10]. Further observations showed that fingerprint deposits can take 
two forms: eccrine-sweat material that forms droplets on the surface and sebaceous 
material which tend to form continuous films on “low-energy” substrates (polymeric 
materials e.g. Nylon, PVC).
Migron et al. (1997) used SEM-EDX for analysing and characterising their new method of 
developing latent fingerprints on unfired gun cartridges [88]. Migron et al. (1997) were 
investigating whether palladium would be able to enhance latent fingerprints found on the 
brass surfaces. SEM-EDX analysis showed that relatively large organic lumps were 
scattered along the latent mark ridges. Along the valleys smaller lumps were thinly 
scattered; showing that there was no clear evidence for palladium deposits on the ridges 
alone, which should have appeared as bright white spots. In fact, SEM-EDX analysis 
indicated that the levels of palladium in the ridges and valleys did not differ significantly. 
This means that although the palladium method produced a contrast between the ridge and 
the substrate, the palladium is found across the entire surface.
Reynolds et al. (2008) utilised SEM in order to characterise two different types of Ti02 
powders used in the detection of latent fingerprints [89]. A fingerprint was developed with 
each powder on the adhesive side of black insulating tape. The resulting specimens were 
mounted on adhesive carbon tape and examined within a field emission scanning electron 
microscope equipped with an energy dispersive X-ray analyser. Electron images and X-ray 
spectra were recorded to show the dispersion of the Ti02 particles [89]. Reynolds et al. 
(2008) found that fingerprints developed with one powder showed aggregations of the 
development particles with uniform background staining over fingerprint ridges and the 
bare adhesive (
Figure 1-22A) resulting in poor contrast between the ridge and substrate. The other 
powder, also shows aggregations (
Figure 1-22B), possibly related to skin cell removal, and also shows a greater staining of 
the ridge area and reduced staining of the background adhesive, providing ridge contrast in 
the developed image.
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20 pm
Figure 1-22: Scanning electron microscopy (SEM) images of fingerprints developed with
(A) Powder 1 and (B) Powder 2 [89].
Further work on the characterisation of nano-powders has been carried out by Jones et al. 
(2008) [90]. The authors used electron microscopy and X-ray analysis techniques to 
investigate the differences in structure and chemical composition of the nominally similar 
commercial powders, to elucidate the mechanisms behind differences in formulation 
effectiveness. The technique of SEM-EDX works very well for characterising the
41
Chapter 1. Introduction
differences in structure and chemical composition of the commercial powders. However, 
the images presented in the report do not show obvious ridge detail as they are focussed on 
the particles and aggregates. It would be interesting to have seen how the developed 
fingerprint looked with a larger field of view.
More recently, Jones et al (2010) have investigated how the substrate surface topography 
can affect the effectiveness of detection when using a magnetic iron oxide powder 
suspension [91]. The study found that there was no significant difference in particle size 
adhering to the fingerprint ridge or background areas. Larger particle aggregates that were 
found in the raw powder were not observed on the developed fingerprint. More 
importantly, it was discovered that the surface topography of the substrates 
(scratches/furrows/ridges) can have an effect on the quality of the developed fingerprint. 
This study showed macro scans of the developed fingerprint ridges but on some substrates 
did not appear to show any ridge detail (see
Figure 1-23).
500 pm
Figure 1-23: Scanning electron microscopy (SEM) macro image of a latent fingerprint 
developed with magnetic iron oxide powder suspension deposited on polyethylene
(adapted from [91]).
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1.2.3 O p tic a l  te c h n iq u e s
In order to view latent fingerprints on paper documents, crime scene examiners can use a 
variety of chemicals to develop the fingerprint in order for it to be documented [2, 29, 92- 
95]. Other than revealing the presence of a latent fingerprint, these techniques do not 
normally produce any specific chemical information about the fingerprint. However they 
are heavily used by police institutions to image fingerprints as they are far cheaper than 
any instrumental techniques available. The following methods are used to help determine 
the deposition order of fingerprints and inks on a document. It is thought that if it is 
possible to determine the order by using optical imaging/chemical reagent methods then 
that would be the preferred solution by police institutions due to the price and time of 
analysis.
Table 8: Strengths and limitations of optical techniques [2, 29, 92-95].
STRENGTHS LIMITATIONS
• Non-destructive
• Inexpensive
• Commercially available
• Fast
• High quality images
Does not provide chemical 
information 
Cannot depth profile 
N on-quantitative
1.2.3.1 Fluorescence of developed fingerprints 
Theory
Chemical reagents such as cyanoacrylate, ninhydrin and l,8-diazafluoren-9-one (DFO) (or 
respective their analogues such as 1,2-indandione [20]) are used as fingerprint developers 
because of the reaction that takes place between the reagent {e.g. 1,2-indandione) and the 
species that are present in the latent fingerprint (amino acids, water, fats, salts) [19], [23], 
[96]. The reaction product can often be visible under ambient light conditions, be 
inherently fluorescent, or may need to be treated further in order to produce a fluorescent 
product {e.g. fluorescent stains with cyanoacrylate developed fingerprints [97], [98]). 
Fluorescence is induced when an outer electron of a molecule is excited to a higher energy
43
Chapter 1. Introduction
State by incoming radiation and then relaxes to its ground state by emitting a photon of 
light [99]. It is this photon of light that is detected and used to produce the enhanced 
image. In order to induce fluorescence, a high-intensity light source is directed onto the 
fingerprint at a specific wavelength (one that is known to induce the fluorescence [20]). 
The fingerprint is imaged and documented at the emission wavelength by the use of light 
filters and a camera [100]. Multi-spectral imaging allows forensic scientists to produce 
images from narrow bands of wavelength [101] and this allows for better images to be 
produced.
Literature review
Herod et al. (1982) have investigated the effect of using metal salts in conjunction with 
ninhydrin, for the visualisation of fingerprints on porous surfaces such as paper in 
conjunction with fluorescent studies [22]. Fingerprints were deposited on the various 
substrates and left in open air for two days before being treated with ninhydrin. These 
samples were then left for a further two days and then inspected under ambient white light 
and by an argon laser. Under the ambient white light the fingerprints had developed into a 
puiple-blue colour. The samples were then sprayed with a solution of zinc chloride which 
immediately produced a colour change to orange. Herod et al. (1982) found that when the 
fingerprints were subjected to argon laser illumination (after utilising zinc chloride in 
addition to ninhydrin), the fingerprints showed “a very strong luminescence; a number of 
fingerprints were developed that had not been discerned at all before” [22] (see Figure 
1-24).
(A) (B)
Figure 1-24: A) Room light photograph of paper treated with ninhydrin followed by zinc 
chloride. B) Latent fingerprint from (A) developed by argon laser [22]. Colour images
were not supplied.
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Work by Pounds et al. (1990) found that DFO produces highly fluorescent fingerprints 
when illuminated with an appropriate light source [102]. Excitation and emission spectra 
of a glycine/DFO complex were detenuined using a fluorescence spectrometer to assess 
optimum conditions for fluorescence detection. The sensitivity of DFO was found to be 
greater than ninhydrin methods (see Figure 1-25) -  although ninhydrin methods produced 
better contrast when viewed under ambient white light.
Pounds et al. (1990) concluded the reagent is easy to prepare and use (ninhydrin treated 
fingerprints required temperatures of -196°C for maximum fluorescence) but that inks and 
printed artefacts on paper surfaces can also fluoresce, which is a limiting factor.
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Figure 1-25: (A) Fingerprint developed with ninhydrin (left) and DFO, photographed under 
white light. (B) Fingerprint developed with ninhydrin (left) and DFO and illuminated using 
514 nm wavelength light from a 12W argon ion laser and photographed through a 610 nm
filter [102].
Exline et al. (2003) have also investigated fluorescence in fingerprints [97]. The research 
focussed on comparing a multi-spectral software technique with a conventional laser light 
method. “The multi-spectral software system can be set up to analyse a fingerprint over a 
wide spectral range. The user can then utilise the software to isolate the maximum 
absorbance or emission of a treated fingerprint, thereby optimising image contrast” [97]. 
Exline et al. (2003) tested a variety of porous and non-porous substrates and analysed 
developed (with ninhydrin and DFO) and un-developed fingerprints. The results showed 
that by using the multi-spectral software system that better contrast images can be
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produced than by using fluorescence alone. Figure 1-26 shows how the multi-spectral 
software can produce images of better quality.
w
Figure 1-26: One-week-old fingerprint on a clear glass slide after treatment with 
cyanoacrylate and rhodamine 6G: multi-spectral software image (left), conventional laser
light method (right).
Following on from Exline et al. (2003), Payne (2005) carried out a further investigation 
using multi-spectral software [98]. This investigation also concluded that the multi-spectral 
software system allowed for much better quality images (see Figure 1-27) and that it had 
great potential for future use.
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Figure 1-27: Fingerprint on white paper, treated with ninhydrin. Left: Chemical imaging 
using multi-spectral software, right: conventional laser technique.
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1.2.3.2 Specular imaging 
Theory
Specular imaging is a relatively simple technique based on the principle of specular 
reflection [103]. Samples are prepared using gelatine lifts to transfer a developed 
fingerprint (typically with a powder or cyanoacrylate fuming) on to the gelatine surface 
[83]. The sample is held flat on a vacuum stage and light is then shone on the sample from 
a near-to-coaxial angle (almost 90° to the surface). The surface of a clean/fresh gelatine 
lifter is very flat and hence very reflective, therefore any light hitting an area of the sample 
where there is no “contamination” {e.g. a cyanoacrylate developed fingerprint ridge) will 
be reflected so that the angle of reflection = angle of incidence (see Figure 1-28). This 
means that the reflected light will not be detected by the camera and therefore that area of 
the image will appear black. If however, the light hits a piece of dust or a cyanoacrylate 
developed fingerprint ridge the light will be reflected at a different angle and therefore be 
detected by the camera and appear white. Once the whole sample has been scanned and 
imaged the analyst is left with a predominantly black image with a white fingerprint 
pattern [83]. Using simple computer software it is possible to invert the image to have a 
black fingerprint pattern on a white background, which can make identification easier.
Camera
Light
Source
Substrate
Fingerprint
Ridges
Camera
Light
Source
Substrate
(A) (B)
Figure 1-28: How specular imaging works on (A) blank/clean substrate and (B) Substrate 
with fingerprint ridges (adapted from [103]).
47
Chapter 1. Introduction
Literature review
Lin et al. (2006) published work on using specular-reflection for latent fingerprint imaging 
and lifting [103]. Lin et al. (2006) propose a method that allows latent fingerprint to be 
detected and lifted without using a development process {e.g. ninhydrin, cyanoacrylate 
fuming or powder coating). Figure 1-29 shows how a high quality image can be detected 
and then lifted from a non-porous surface, the ridge detail is clear and due to the nature of 
this technique the fingerprint remains unchanged in any physical way.
Figure 1-30 shows how a porous surface affects the quality of the image produced. Figure 
1-3 0(c) shows that the latent fingerprint is revealed, and at the same time the background 
pattern from the book title is greatly suppressed. However the quality of the image is not as 
good as those detected on the non-porous sample. The authors do not include any images 
of latent fingerprints developed and lifted in the traditional way {e.g. ninhydrin, powdering, 
etc.) in order to compare the results of the two methods. It is therefore difficult to 
determine whether or not this technique (without further enhancement/treatment) provides 
better results than traditional methods. Lin et al. (2006) advise that this technique could be 
used prior to traditional development methods. However, looking at Figure 1-31 it is clear 
to see that analysing large areas with the current equipment would time consuming.
' %
• t l
(A) (B)
Figure 1-29: Fingerprint detection experiment on orange painted metal surface, image 
taken under the special lighting setup by the authors. (B) is a magnified image of (A).
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Figure 1-30: (a) Close-up view of a hardcover book bearing a latent fingerprint under 
nonnal viewing conditions (no polarizer, no special lighting arrangements), (b) The same 
area imaged with a specially arranged specular lighting setup, (c) The same area imaged 
with a specially arranged specular lighting condition plus polarization image processing
[103].
Light
Camera !
Fmgerprmt
Area
Figure 1-31: Equipment setup for typical analysis using Lin et al. (2006) specular
reflective technique [103].
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Specular reflective imaging techniques can provide very good images if used in 
conjunction with gelatine (gel) lifts (see Figure 1-32). A Netherlands based company 
called BVDA [104] have developed a commercially available instrument called the 
GLScan which allows a forensic scientist to image a latent fingerprint deposited on many 
types of surface [83]. Typically the gel lifter would be applied to latent fingerprints that 
have already been developed with physical developer or cyanoacrylate fuming. This could 
be for one of two reasons 1) so the investigator knows where to apply the gel lift (latent 
fingerprints are typically invisible to the naked eye), or 2) the physical developer or 
polycyanoacrylate (produced during the fuming stage) will help to produce contrast with 
the gelatine lift substrate.
Figure 1-32: Untreated fingerprint on black gel lifter, scanned with the GLScan [104].
With the latent fingerprint now deposited on the gel lift it is possible to put the entire gel 
lift into the GLScan instrument for it to be scanned and produce a digital image of the 
fingerprint in the same way as Lin et al. [103]. The GLScan system should be able to (in 
some circumstances) provide investigators with a better quality image than by ordinary 
photography of a developed fingerprint.
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1.2.4 G ra v im e tr ic  te c h n iq u e s
Gravimetric techniques provide information based upon the mass of the sample. They do 
not give specific chemical information but are good for identifying trends/patterns.
1.2.4.1 Quartz crvstal microbalance (QCM)
Theory
Quartz crystal microbalances (QCMs) are piezoelectric sensors that measure changes in the 
mass of material on its surface in real-time. QCMs are composed of a thin circular 
specially cut quartz crystal [105] which is sandwiched between two metal electrodes 
(typically gold) which are in turn attached to an oscillator. Mechanical oscillations are 
produced in the crystal by applying an alternating electric field to the metal electrodes. 
Any mass deposited on the surface of the electrode will cause a change in the natural 
frequency of the vibration [106], [107]. This is monitored using a simple frequency 
impedance analyser. If the deposited materials have similar vibrational properties to the 
quartz crystal, the change in mass will be directly proportional to the frequency shift [106]. 
It is possible to detect even 10"^  ^kg, while commercial analytical microbalances can detect 
about 10~’^  kg [108]. Therefore by depositing a fingerprint on a QCM crystal, the natural 
frequency of the crystal will change.
Table 9; Strengths and limitations of gravimetric techniques [105].
STRENGTHS LIMITATIONS
• Non-destructive
• Inexpensive
• Commercially available
• Does not provide chemical 
information (without added cost)
• Cannot image
• Not traditionally used for 
fingerprint analysis
By subjecting the crystal (and deposited fingerprint) to a vacuum and analysing the 
frequency pre and post-vacuum, it will be possible to measure the change in frequency and 
therefore the potential change in mass. This change in mass would be caused by any
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volatile material being lost from the fingerprint. This method would be useful in 
determining whether any mass has been lost at all, GC-MS can only detect organic species 
and therefore any volatile inorganic material {e.g. H2O) would not be detected by the GC- 
MS.
Literature review
Quartz crystal microbalances have been utilised for vacuum studies previously by Cho et 
al. (2004) who investigated the molecular contamination for satellites in vacuum bake 
tests. By utilising QCMs, the mass and mass deposition rate of molecular contamination 
could be known in real time. The characteristics of the QCM sensor were also observed 
[109]. Garrett et al. (1995) published a new American Society for Testing and Materials 
(ASTM) method (ASTM E 1559) for characterizing the time and temperature dependence 
of material out-gassing kinetics and the deposition kinetics of out gassed species on 
surfaces at various temperatures. Garrett et al. (1995) used quartz crystal microbalances as 
the approach for measuring material collected [110].
Work by Pascal-Delannoy et al. (2000) has shown that QCMs can be used as humidity 
sensors [111]. Pascal-Delannoy et al. (2000) reported that it is possible to measure relative 
humidity from 20-95%, it was also reported that it is possible to improve the sensor by 
producing a thinner quartz crystal in order to work with a higher resonant frequency. The 
QCM was mounted on a Peltier element (a device that uses electricity to heat one of its 
sides whilst cooling the other [112]) with a thermocouple to measure the temperature of the 
crystal. The Peltier module allows the cooling of the quartz until the dew point is reached. 
When it occurs, water drops appear on the quartz, then the apparent mass of the quartz is 
modified and its resonant frequency decreases. It would be worth investigating however 
whether the dew point is affected by the surface it is collecting on as this could affect the 
results, if the surface was perhaps contaminated.
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1.4 Fingerprints and Low Pressure Systems
Since 1976 [113], low pressure systems (vacuums) have been used to assist in 
fingerprint detection and analysis. Kent et al. (1976) showed that by using a vacuum 
deposition technique it was possible to develop ridge detail in 70% of operational 
cases and useful marks, found in approximately 35% of cases when fingerprints were 
deposited on low density polyethylene (polythene) [113]. Recent work by Yu al. 
(2011) has shown that advances in utilising vacuums for fingerprint development are 
still occurring [92]. Yu et al. (2011) have reported that utilising thermally deposited 
zinc oxide in a vacuum chamber can enable better visualisation of fingerprints 
deposited on poly(ethylene terephthalate) (PET). However, there is nothing in the 
literature that shows whether a vacuum affects the chemistry of a latent fingerprint. 
From Section 1.1 we know that latent fingerprints are a complex mixture of different 
constituents that might be affected by a vacuum. If vacuum systems do have an effect 
then this could mean a change in the way police currently analyse fingerprints, and 
techniques such as MALDI and ToF-SIMS will not be as useful as they both rely 
upon vacuum systems.
1.5 Aim and Objectives
Chapter 1 reports how it is possible to be able to image fingerprints and gain 
information from them regarding their chemical/physical properties. It is also 
possible to analyse inks on paper and be able to differentiate between different inks 
and papers. It is not currently possible, however, to be able to distinguish (with 
certainty) whether a fingerprint is above or below a layer of ink. This has 
implications in cases where a suspect’s fingerprint may be found on a document, but 
they claim to have handled the paper before any ink was put down on the paper, e.g. 
“I only handled the fraudulent cheque before it was signed”. Furthermore, most of 
the techniques available are destructive in relation to the sample (see Section 1.2.1). 
The aim of this research is to discover whether it is possible to distinguish whether a 
fingerprint is above or below a layer of ink, without jeopardising further testing of 
the sample by other techniques. The technique that was chosen to investigate this 
possibility was ToF-SIMS as this technique has imaging capability (opposed to GC-
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MS which does not). Samples being analysed require no pre-treatment or chemical 
preparation and so the risk of chemically changing the sample prior to analysis is 
greatly reduced (MALDI requires a chemical matrix to be applied). The ToF-SIMS 
technique is a very gentle method of sputtering molecular fragments from the surface 
and it is very difficult to determine with the naked eye whether a sample has been 
analysed or not (DESI utilises an electrospray which moistens the sample as a 
consequence of the sputtering process). The technique is commercially available and 
has been used for surface analysis for many years (opposed to MeV SIMS which is 
still under development). For research purposes it is vital that as much chemical 
information (molecular and elemental) is acquired from the sample and so techniques 
such as ATR-FTIR, SEM-EDX and optical techniques are not suitable. ToF-SIMS 
therefore provides a technique which satisfies the criteria required for this 
investigation.
In order to meet the aim of the research, the objectives are to establish whether:
1. ToF-SIMS can be used to determine the deposition order of fingerprints and inks 
on paper (see Sections 3 and 4 for results and discussion).
2. Different fingerprint development reagents affect the above procedure (see 
Section 5 for results and discussion).
3. Techniques utilising vacuum technology affect the chemistry of fingerprints (see 
Section 6 for results and discussion).
1.6 Summary
Chapter 1 has described the importance of fingerprint analysis as well as the different 
types of techniques and methods that are currently available for their detection and 
analysis. These include ionisation and desorption methods (1.2.1), spectroscopic 
methods (1.2.2), optical techniques (1.2.3) and gravimetric techniques (1.2.4). 
Sections 1.1 and 1.5 explain why this research is being carried out. Chapter 2 
describes what was carried out in this research in order to meet the objectives 
outlined in Section 1.5.
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Chapter 2
This chapter provides the reader with a description of the materials and methods that 
were utilised in this work for the analyses of fingerprints. All of the techniques 
described were used to gather information about fingerprints that is vital for this 
research and the results are discussed in Chapter 3.
2 Materials and Methods
2.1 Fingerprint Preparation Protocol
As has been explained in previous sections, fingerprints will vary greatly from 
person to person, not only in their pattern but chemical composition. The chemical 
composition of a single persons fingerprint will vary throughout the day depending 
on their daily routine. A problem faced is that there is no “standard fingerprint” and 
therefore steps must be taken in order to keep the fingerprints prepared as identical as 
possible. Thus, a protocol has been written for this research to assist in fingerprint 
preparation.
2.1.1 Fingerprint preparation
Using the Home Office guidelines [29] as a base for this protocol, latent fingerprints 
were prepared in the following way:
• Hands were washed with soap and rinsed thoroughly.
• Hands were patted dry using fresh paper towels.
• Donors were told to carry out normal activities for one hour (only being 
allowed to consume water) before depositing fingerprints on substrates.
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2.2 Fingerprint Development Reagents
A number of different chemieal reagents were used in order to test the real-life 
applicability of the protocol developed in this research. These techniques are 
routinely used by police and forensic investigators to find and visualise fingerprints 
on surfaces. All fingerprint development methods used in this study was carried out 
at the Home Office Scientific Development Branch (now Centre for Applied Science 
and Technology), St Albans, UK.
2.2.1 Ninhydrin immersion
This process involved dipping the sample/item into a working solution and then 
heating in a humidified oven at 65% RH (relative humidity) at 80° C for 5 minutes.
In order to make the working solution a concentrated solution is first produced by 
mixing 25g ninhydrin (Sigma Aldrich), 225 mL absolute ethanol (Hayman Ltd. 
Witham), 10 mL ethyl acetate (Sigma Aldrich) and 25 mL glacial acetic acid (Sigma 
Aldrich). By adding 52 mL of this concentrated solution to 1 L of HFE7100 (1- 
methoxynonafluorobutane) (Severn Biotech, Kidderminster) a working solution was 
produced.
2.2.2 l,2-Diazafluoren-9-one (DFO) immersion
This process involved dipping the sample/item into a working solution and then 
heating in a dry oven at 100°C for 20 minutes.
A working solution was produced by mixing l,2-diazafluoren-9-one (DFO) (BVDA, 
Netherlands) (0.25g), methanol ((analytical grade) Sigma Aldrich) (30 mL), 20 mL 
glacial acetic acid (Sigma Aldrich) (20 mL), HF71DE ( 1 -methoxynonafluorobutane 
with additions of trans-1,2-dichloroethylene) (Severn Biotech, Kidderminster) (275 
mL) and HFE7100 ( 1 -methoxynonafluorobutane) (Severn Biotech, Kidderminster) 
(725 mL).
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2.2.3 Dimethylaminocinnamaldehyde (DMAC) contact transfer
The sample/item was sandwiched between 2 sheets of 
dimethylaminocinnamaldehyde (DMAC) impregnated paper and then wrapped with 
aluminium foil; a hot (-150° C) iron is then applied to the sample for 10 seconds.
The impregnated paper was prepared by mixing DMAC (Aeros Organics) (0.25g) 
with 96% ethanol (Hayman Ltd) (100 mL). A4 sheets of paper are dipped into the 
solution and allowed to dry on a hanging line.
2.2.4 1,2-Indandione contact transfer
The sample/item was sandwiched between 2 sheets of 1,2-indandione impregnated 
paper and then wrapped with aluminium foil; a hot (-150° C) iron is then applied to 
the sample for 10 seconds.
The impregnated paper was prepared by mixing 1,2-indandione (BVDA, 
Netherlands) (0.125g ) with ethyl acetate(Sigma Aldrich) (9 mL), acetic acid (Sigma 
Aldrich) (2 mL) and HFE 7100 ( 1 -methoxynonafluorobutane) (Severn Biotech, 
Kidderminster) (89 mL). A4 sheets of paper are dipped into the solution and allowed 
to dry on a hanging line.
2.2.5 Cyanoacrylate (superglue) fuming
The sample/item was placed in a MYC 5000 cabinet (Foster & Freeman). The 
cabinet was run at 80% relative humidity at 20° C, an aluminium dish ethyl 
cyanoacrylate (sold as Cyanobloom by Foster & Freeman, Evesham) (containing 2-3 
g) was then heated inside the cabinet to 120° C to generate the superglue fumes once 
the cabinet has reached the required processing conditions.
2.3 Types of Ink Used in This Work
There are many types of media that can be used to produce written text on a paper 
surface, from handwritten prose using pens {e.g. ballpoint, gel, and fountain) to those 
that are printed (laser printer, inkjet). For the purpose of this study ballpoint pens are
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the primary focus; this is because a large volume of literature has been published on 
the subject of handwriting inks [30, 36, 51, 53, 67, 78, 114] compared to printed text. 
Coumbaros et al. (2009) produced clear results of what to expect when analysing 
ballpoint pen inks and concluded, that (of the inks they tested) they behave 
reasonably the same and yet they are able to be distinguished from each other [51]. 
Therefore for this study only one ballpoint pen ink (Staedtler 4300M Black) will be 
used for the investigation. This keeps the number of variables in the investigation to 
a minimum, but as previous work has suggested, it is anticipated that the results 
produced by the Staedtler 4300M black pen will be similar to those of other ballpoint 
pens. Further research could be carried out into using different types of ink; however 
this project did not have the time to cover it.
2.4 keV -  Time-of-Flight-Secondary Ion Mass Spectrometry (ToF- 
SIMS)
Figure 2-1 shows a schematic diagram of the (ToF-SIMS) instrument set up, showing 
the path that the ions (primary and secondary) take through various parts of the 
system. The main chamber of ToF-SIMS instrument is kept under vacuum, samples 
are introduced via a loadlock chamber. The loadlock chamber is brought up to 
atmospheric pressure to take samples and then pumped down in order to load them 
into the main chamber for analysis. The main chamber is kept under vacuum in order 
to prevent the primary and secondary ions (see Section 2.4.2) from colliding with air 
molecules.
2.4.1 Experimental conditions
ToF-SIMS analyses of latent fingerprints were carried out on an lON-TOF GmbH 
(Münster, Germany) T0F.SIMS.5 instrument. A 25 keV Big  ^ primary ion beam 
focused to —4 pm and delivering 0.18 pA of current was employed with a primary 
ion dose density of 9.047 x 10  ^ ions/em^ (this was substantially below the static 
limit). An electron flood gun (20 eV) was used to prevent charge build up on the 
insulting sample surfaces.
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2.4.1.1 MacroRaster Imaging
Images were acquired at 128 x 128 resolution in the MacroRaster mode of operation; 
in a MacroRaster scan, the sample stage moves underneath the ion beam to produce 
composite images of areas (detailed in each experiment accordingly). The 128 
resolution was selected as it provides good image resolution within an acceptable 
time frame, i.e., just over 2 h per image acquisition. Superior quality images can be 
acquired employing higher resolutions, but these require correspondingly longer 
acquisition times. Image data were acquired using 256 cycles per pixel point with 1 
scan per pixel. A cycle time of 100 ps was employed.
2.4.1.2 Calibration
The mass scale was calibrated using a method based on that described by Green et al. 
[115]. The fragment ion images were normalized against the total ion image to 
account for any topography effects in the sample.
2.4.2 Ion generation
In ToF-SIMS, primary ions can be generated in one of three ways; electron 
ionisation, surface ionisation or (in this research project) by using a liquid metal ion 
gun (LMIG). The LMIG source used is a bismuth alloy that is a liquid at room 
temperature and covers a tungsten tip. The gun emits single Bi ions or ion clusters 
when under the influence of an intense electric field (in this research Bi]^ cluster 
were used as they are reported to provide the best imaging results [116]). An alloy is 
used rather than elemental Bi to decrease the melting temperature of the Bi.
2.4.3 Ion acceleration and focussing
After emission from the LMIG the ions are accelerated by an electric field and then 
formed into pulses or “bunches” (typically 25 ns [117]). A pulsed beam is used so 
that the time-of-flight of the sputtered molecules through the flight tube can be 
measured. A cycle time of around 100 ps is typically employed for ToF-SIMS 
analysis of fingerprints.
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Figure 2-1: A schematic diagram of a ToF-SIMS instrument.
2.4.4 Collision and detection
After pulsing the beam it is focussed (to a spot size of around 4 pm [117], although 
beam diameters can be as small as 300 nm [118]) and then scanned over the target 
area. This causes secondary ions and other sputtered material to be generated which 
is then collected by the extractor and guided toward the transport optics. The 
transport optics accelerates the sputtered material with the same voltage and 
therefore the sputtered material should theoretically have the same energy (provided 
they have the same charge). The secondary ions are separated in the time-of-flight 
detector tube according to their mass to charge ratio (m/z) (see Section 2.5.1) using a 
refleetron, which compensates for small variations in the kinetic energies of the 
sputtered material [119].
2.4.5 Depth profiling
ToF-SIMS is capable of providing molecular and elemental information as a function 
of depth of the a sample being analysed [120]. This is possible by etching the top­
most molecular layers to reveal the layers beneath. The etching process is earned out 
using a heavy ion source, in this instance a source. Buckminsterfullerene ions 
are produced by electron impact ionisation of a Ceo^  vapour. The depth profiling 
process is carried out by alternate bombardment of the surface by Bi]^ and C6o^  
primary ion [121]. The surface is first analysed using the Bis^ primary ions to
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produce a mass spectrum. The primary ions are then stopped and the Ceo  ^
(etching ions) are fired at the surface for a specified amount of time to etch away the 
sample, creating a small crater. The source is then stopped and then the bottom 
of the crater is then analysed with the Big  ^ions to take another mass spectrum. This 
process continues, generating a depth profile.
2.5 Mass Analysers
Mass analysers (or mass spectrometers) are the predominant detectors used for 
chemical analysis of surfaces. They are used for the determination of the chemical 
structure of molecules. If a suitable ionisation method is used then the elemental 
composition can also be determined. The principle behind mass spectrometry is that 
chemical compounds are ionised to produce charged molecules or molecular 
fragments. The charged fragments and molecules are then separated and detected 
according to their mass-to-charge ratios {m/z). There are different ways of separating 
the ions as shown in Section 1.2.1.
2.5.1 Time-of-flight (ToF)
Time-of-flight (ToF) detectors are highly sensitive because all the molecules and 
fragments are detected by the detector, rather than the detector scanning through each 
mass [122]. It works by accelerating the ions using an electric field. The strength of 
the field is known and kept constant, so that each ion has the same kinetic energy. 
The ions are directed at the detector and “fly” towards it. The separation of the ions 
is based upon their “flight time” in the flight tube; the velocity of each ion will 
determine the time spent in flight, as shown in Equation 1 :
Equation 1 Kinetic Energy = V2 mv^
Where m = mass and v = velocity.
Equation 1 shows that if the kinetic energy is kept constant then the velocity is 
dependent upon the mass of the ion. Heavier ions will take longer to fly the distance, 
whereas lighter ions will arrive first.
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2.5.2 Quadrupole
A quadrupole analyser is composed of four circular, or, ideally, hyperbolic parallel 
rod sections [123] which have varying potentials applied to them. The quadrupole 
mass analyser has the ability to scan the potentials applied and so has a large m/z 
range. Ions that enter the region between the rods are subjected to the electric field 
that is generated by the charged rods. Depending upon the electric field generated, 
ions of differing m/z ratios will have the correct trajectory and path to reach the 
detector at the end of the quadrupoles. Masses that are not selected to pass through 
will discharge themselves on the rods and not be detected. In order for all the m/z 
ratios to be detected the electric field generated is scanned very rapidly selectively 
choosing certain m/z ratios to pass through the poles. Despite this, some molecules 
are still discharged and not detected [71]. This means that the technique is not as 
sensitive as ToF analysis.
2.6 Quartz Crystal Microbalance (QCM)
QCM analysis was used to determine very quickly and easily whether or not any 
mass was lost from a fingerprint when subjected to vacuum. QCM analysis involves 
measuring the frequency of a piezoelectric quartz crystal. The crystal changes its 
vibrational frequency in proportion to the mass deposited on its surface [106-107]. 
Therefore by depositing a fingerprint on a QCM crystal, the natural fi-equency of the 
crystal changes. By subjecting the crystal (and deposited fingerprint) to a vacuum 
and analysing the fi-equency pre and post-vacuum, it was possible to measure any 
change in mass by the potential change in fi-equency. After each sample was 
analysed the QCM was cleaned by wiping with an acetone soaked cloth and then 
rinsed with distilled water and wiped with tissue to dry. This QCM method was used 
to determine total mass loss, to complement more chemical specific analyses of 
fingerprints submitted to vacuum. QCM analysis is a quick and simple method for 
determining whether there is any change to the fingerprints; ATR-FTIR analysis 
(Section 2.7) is a more comprehensive technique and provides chemical information 
on what type of species are present.
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2.7 Attenuated Total Reflection -  Fourier Transform Infra-Red 
(ATR-FTIR)
Attenuated total reflectance -  Fourier transform infrared (ATR-FTIR) spectroscopy 
is a development of the established technique of Fourier transform infrared (FTIR) 
spectroscopy. The technique is based around analysing the chemical bonds found in 
different samples. In all molecules there exist molecular bonds that vibrate with 
quantised frequencies. If energy is added to the bond {e.g. through infrared light) 
then the bond will vibrate faster. This process is usefiil because bonds absorb 
different infrared radiation at different wave numbers. It is possible to measure the 
wave numbers at which the sample absorbs, as well as the intensities of these 
absorptions. The intensity of the absorptions is directly proportional to the 
concentration of the component [72].
ATR-FTIR is a technique that allows for completely non-destructive analysis of a 
sample. It works by directing the infrared beam at a specific angle into an optically 
dense crystal (such as diamond or ZnSe) that has a high refractive index. This leads 
to internal reflectance which in turn creates an evanescent wave that is able to extend 
beyond the surface of the crystal into a sample. The wave only protrudes from the 
crystal by a few microns (0.5 -  5 pm) and so there must be a good contact between 
the sample and the crystal. There will be regions of the infrared spectrum where the 
sample will absorb some the beams energy and attenuate or alter the beam. This 
beam is then analysed by the infrared spectrometer (Figure 2-2).
For this research project ATR-FTIR was used to identify what type of chemicals 
might be being lost (from the fingerprint) to the vacuum chamber. All experiments 
were carried out on a Varian 660-IR FTIR spectrometer with an ATR accessory. The 
ATR accessory used a ZnSe crystal. 32 scans were taken per sample in the 
absorbance mode of analysis with 1 cm'^ resolution over a range of 600 - 4000 cm '\ 
Fingerprints (prepared according to Section 2.1.1) were deposited on an aluminium 
foil substrate which had been cleaned with chloroform and isopropyl-alcohol. The 
clean A1 foil should be relatively IR inert and so provide a suitable substrate for 
analysis. The fingerprints were then analysed by ATR-FTIR and within 10 minutes 
of being analysed were subjected to a vacuum chamber for one hour. The samples
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were then removed and re-analysed by ATR-FTIR as soon as possible (typically 10 
minutes later).
Sample in contact with 
evanescent wave
To Detector
Infrared
Beam
ATR
Crystal
Figure 2-2: Schematic diagram of how an attenuated total reflectance -  Fourier 
transform infrared spectroscopy instrument works [124].
2.8 Vacuum Chambers
The vacuum chambers that were used to test chemical changes to fingerprints in low 
pressure systems were located at the Surrey Ion Beam Centre, UK. The two vacuum 
chambers were both pumped by turbomolecular pumps backed with rotary pumps. 
For experiments at pressures of 2x10*  ^Ton* to 2x10'^ Torr the vacuum chamber used 
had its rotary pump fitted with a trapping system to prevent the lubricating oil from 
backstreaming. For experiments using pressures of 2x10'^ Torr the rotary pump did 
not have a trapping system.
For the purpose of this research a low pressure system is defined as 2x10'^ Torr, a 
medium-low pressure is 2x10’^  Torr and medium pressure is 2x10'^ Torr.
2.8.1 Monolayer formation
It is well known [125-126] that samples can outgas over time and this can lead to the 
development of porosity and/or cracks - i.e. changes in morphology. The nature of 
the surface topography that arises from the network of cellulose fibres that make up 
paper is unlikely to be affected by vacuum and is therefore is not expected to have an 
effect on the samples studied in this work. It is also known [127]that samples can 
become contaminated with residual species in the vacuum, and this can lead to the
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formation of a monolayer of contamination on the surface of the sample. The rate of 
contamination is governed by the kinetic theory of gases and is determined by the 
vacuum pressure as well a "sticking coefficient", which is surface dependent [127]. 
Typical monolayer formation times are of the order of tens of minutes and therefore 
it is anticipated that subjecting fingerprint samples to vacuum will result in 
monolayer formation. However, samples are likely to be contaminated in a crime 
scene from molecules in the environment and so monolayer formation from the 
vacuum will be negligible.
2.9 Summary
Chapter 2 has described how fingerprints being analysed in this research were 
prepared (Section 2.1) and how they were then chemically developed (Section 2.2). 
The results of analysing the chemically developed fingerprints are shown in Section 
5. Chapter 2 has also described the different instruments used for this research 
namely: ToF-SIMS (Section 2.4), mass analysers (Section 2.5), QCM analysis 
(Section 2.6) and ATR-FTIR analysis (Section 2.7).
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Chapter 3
Chapter 3 provides the reader with results (and their discussion) of developing a 
protocol for determining the deposition order of overlapping fingerprints and inks. 
This was carried out in order to meet one of the objectives of this research (see 
Section 1.5).
3 Development of a Protocol for 
Overlapping Fingerprints and Inks 
Analysis
The results in this section have been produced in order to demonstrate whether keV- 
time-of-flight-secondary ion mass spectrometry (ToF-SIMS) can be used to 
determine the deposition order of overlapping fingerprints and inks on paper.
3.1 Fingerprints on Silicon
Before any analyses of overlapping fingerprints and inks on paper were carried out, it 
was necessary to try and achieve a similar quality of SIMS images to those already 
found in the literature [43, 45, 128]. Therefore this section presents the results of 
analysing undoped fingerprints on silicon wafers. Silicon was used as a deposition 
substrate because it typically does not produce many intefering signals in the mass 
spectrum (other than some possible surface contamination) due to its high purity. 
Silicon wafers are also very fiat and so surface topography (from the substrate) 
should not affect the quality of the images produced. In this study, 3 different 
fingerprints from 3 different donors of differing ages were analysed. 3 white males, 
aged mid-forties donor), mid-thirties (2"  ^ donor) and mid-twenties (3^  ^ donor). 
Ideally many more fingerprints would be analysed to ensure that the images obtained 
were truly representative of the population. However, for practicality, only 3 donors 
are shown here. One of the purposes of analysing more than one fingerprint is to
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highlight how the chemical composition of fingerprints will vary from one person to 
another.
Field of view: 5 0 0 0 .0 x 5 0 0 0 .0
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Figure 3-1: Positive ion images of an undoped fingerprint (from the donor) 
deposited on a silicon wafer depicting (A) Elemental ions (Na, K and either or 
CaH respectively) (B) Fragment ions originating from the substrate and (C) 
Fragment ions originating from the fingerprint. Refer to Section 2.4.1 for
experimental conditions.
Figure 3-1 shows positive ion images (normalised to the total ion image) from an 
undoped fingerprint on a silieon wafer (from the donor). The images in Figure 
3-lA show the elemental ions: Na, m/z 22.99; K, m/z 38.97 and either or CaH 
(more likely to be as is also present), m/z 40.96. The image shows that they 
highlight the fingerprint ridge pattern very well. Na and K ions are likely to be found 
in latent fingerprints as they originate from salts found in sweat [129]. Figure 3-IB 
shows fragments ions that have originated from the substrate. The ions are found in 
the opposite place to the elemental ions (Na and K), and spatially correlate with the 
Si (substrate) maps. Even though the substrate is pure silicon, the surface has been 
exposed to air and therefore there is likely to be a degree of organic material 
contamination. However, this is not problematic because of the clear correlation with
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the substrate. Figure 3-1C shows images of other ions that originate from the 
fingerprint, these are fragments of organic molecules. It is already known that 
fingerprints are composed of a number of organic molecules [7, 9] but identification 
of a molecular species based on detection of a fragment by ToF-SIMS is not trivial. 
However, the molecular ion (M ^ is often produced, making assignments easier. For 
example, the ions at m/z 60.05 and 88.08 can be assigned to acetic acid (molecular 
weight -  60.05) and butanoic acid (molecular weight -  88.10) respectively. 
Identification of a compound from its mass spectrum relies on careful mass 
calibration using the appropriate standards, which has not been done here. However, 
as the assignment of a particular m/z to a specific molecule is not of particular 
interest in this work. This part of the study was carried out to investigate whether the 
same ions could be identified in the fingerprints of different donors. This is because 
for the purposes of determining the deposition order of fingerprints and inks on the 
spatial distribution of the fingerprint is of interest rather than the absolute knowledge 
of its composition.
The results in Figure 3-1 show that ToF-SIMS is capable of imaging fingerprints on 
a silicon wafer and that the ridge detail is clear and detailed. Some of the ions even 
show what appear to be pores along the ridges which are quite rarely found by 
conventional fingerprint development techniques.
Figure 3-2 shows positive ion images (normalised to the total ion image to account 
for topography effects) from an undoped fingerprint (from the 2"^  donor) on a silicon 
wafer. Figure 3-2A shows the elemental ions: Na, m/z 22.99; K, m/z 38.97 and either 
or CaH, m/z 40.96. The quality of the ridge pattern produced by these ions is not 
as clear as those found in Figure 3-lA, the images themselves are poor possibly 
because of excess sweat droplets being deposited on the substrate (very bright areas 
in the images). Figure 3-2B shows fragments ions that have originated from the 
substrate; as discuss previously, this is deduced because the ions are found in the 
opposite place to the elemental ions (Na and K) and spatially correlate with the Si 
substrate maps.
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Figure 3-2: Positive ion images of an undoped fingerprint (from the 2”^  donor) 
deposited on a silicon wafer depicting (A) Elemental ions (Na, K and 
respectively) (B) Fragment ions originating from the substrate and (C) Fragment ions 
originating from the fingerprint. Refer to Section 2.4.1 for experimental conditions.
Not all of the fragment ions that came from the substrate found in the sample in 
Figure 3-IB are found in this sample; showing that the composition of the 
eontamination found on the surface of the substrate can vary. Figure 3-2C shows 
further images of ions originating from the fingerprint, some of which are found in 
Figure 3-1C and some which are not. This highlights the differences in fingerprint 
chemistry between the two donors. The results in Figure 3-2 provide further evidence 
that ToF-SIMS is capable of imaging fingerprints on a silicon wafer with good 
clarity and detail. The ridge detail is not as clear as that in Figure 3-1, this is to be 
expected due to unavoidable variations in contact pressure, material excreted from 
the fingertip etc.
Figure 3-1 and Figure 3-2 present images acquired using only positive ion mode of 
ToF-SIMS (positive ion mode detects only positive secondary ions). In order to 
establish which mode (positive or negative) produces the best results images were 
also generated in the negative ion mode.
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Figure 3-3 shows negative ion images (normalised to the total ion image) from an 
undoped fingerprint (from the 3^^^ donor) on a silicon wafer. Figure 3-3A shows ions 
originating from the fingerprint residue. Some of these ions can be tentatively 
identified e.g. H, m/z 1.01; PO3 , m/z 78.96 (a fragment of a phospholipid molecule) 
and PO2’, m/z 62.96. The quality of the images produced by ions originating from the 
fingerprint is quite poor compared to the signals from Figure 3-3. It is therefore clear 
that the negative ion mode of scanning is not as useful for this application as the 
positive. Figure 3-3B highlights ions that originate from the substrate surface. The 
signal at m/z 16.00 is most likely to correspond to oxygen (originating perhaps from 
some form of silicon oxide e.g. polydimethylsiloxane) as the silieon substrate is 
unlikely to have NH2 on its surface. The other signals are difficult to assign to 
specific molecules, but are likely to be from surface contamination of the silicon 
wafer surface. What is useful from Figure 3-3B is that the images are clear and 
provide good definition of ridge detail (although the images show the location of the 
substrate and not the fingerprint). This could potentially enable investigators to use 
ToF-SIMS for producing better images of fingerprints for identification purposes; if 
the traditional methods of detection (chemicals, physical developer, cyanoacrylate, 
etc) do not produce high enough quality.
Field of view: 5 0 0 0 .0 x 5 0 0 0 .0
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Figure 3-3: Negative ion images of an undoped fingerprint (from the 3^^^ donor) 
deposited on a silicon wafer depicting (A) Fragment ions originating from the 
fingerprint and (B) Fragment ions originating from the substrate. Refer to Section
2.4.1 for experimental conditions.
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The results shown in this section demonstrate clearly that ToF-SIMS can distinguish 
between fingerprints and a silicon substrate. It has also highlighted the differences in 
fingerprint chemistry between donors, which may make it difficult to establish the 
deposition order based on the fingerprint images alone. To take this further it was 
important to investigate whether ToF-SIMS could distinguish between fingerprints 
and a paper substrate; paper is the material on which overlapping fingerprints are 
likely to be found and therefore will need to be tested.
3.2 Undeveloped Fingerprints on Paper
Section 3.1 demonstrated how undeveloped fingerprints can be imaged on a silicon 
wafer substrate; this section presents results of analysing an undeveloped fingerprint 
deposited on a paper substrate. This is important to examine because most written 
documents are produced on paper and if ToF-SIMS cannot differentiate between 
paper molecules and fingerprint molecules, then it will be of little to no use when 
trying to establish the deposition order of overlapping fingerprints and inks on 
documents in real cases. Figure 3-4 shows positive ion images of an undeveloped 
fingerprint deposited on a paper substrate. Figure 3-4A shows ion images of Na, m/z 
22.99; K, m/z 38.97 and either or CaH, m/z 40.96, it is clear that the two K/CaH 
signals produce good contrasting images with the paper substrate. The image 
produced by Na however does not provide as much contrast; there is a significant 
amount of Na detected in the paper (highly probable as Na compounds are used in 
paper production [130]), which suggests that Na should not be used for imaging 
fingerprints on paper. The other ion images in Figure 3-4A all provide excellent 
contrast with the paper substrate; the images show fragments of organic molecules 
believed to originate from the fingerprint. The ions detected are mostly different to 
those in Figure 3-1 and Figure 3-2, highlighting again the variability between 
different fingerprint depositions. There are some similarities -  for example m/z
551.51 which could correspond to a protonated form of a 
dimethyldioctadecylammonium ion [131], with the molecular ion being detected in 
the fingerprints displayed in Figure 3-1, in addition to m/z 87.96 and 94.92.
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Figure 3-4: Positive ion images of (A) molecular ion fragments originating from an 
undeveloped fingerprint on paper and (B) molecular ion fragments originating from 
the paper substrate. Refer to Section 2.4.1 for experimental conditions.
Figure 3-4B shows images of molecular ion fragments that originate from the 
substrate. These are likely to originate from either the cellulose paper fibres or the 
inorganie mineral fillers [132]. The ion at m/z 31.02 for example could be from a - 
CH2OH residue that is found on the starch polymer chain [46]. The importance of 
these results is that they demonstrate that undeveloped fingerprints ean be easily 
imaged when deposited on a paper substrate. Many chemical species can be detected, 
although they are difficult to identify, due to the lack of research that has been 
published on ToF-SIMS analysis of latent fingerprints. In the future however, 
making identifieations of these chemical species will be a relatively straightforward 
task (as ToF-SIMS chemieal libraries will become more comprehensive). This will 
allow investigators to identify exogenous materials such as drugs, explosives and 
even cosmetics with greater certainty than some current methods [84]. As stated 
previously, it is not crucial for this investigation that the molecular ion fragments be 
identified as specific chemical species, but it is important that the molecular ion
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fragments can be distinguished from the paper substrate and then from the deposited 
ink.
3.3 Developed Fingerprints on Paper
Section 3.2 has demonstrated that undeveloped latent fingerprints can be visualised 
and documented using ToF-SIMS. In real-life cases forensic investigators will likely 
use a chemical reagent in order to develop and visualise latent fingerprints on paper 
(it is a quick and cheap method). It is therefore important to test whether ToF-SIMS 
can be used to examine fingerprints once they have been treated with a chemical 
developer. Chemical developers are often organic solvent based, which is a concern 
as the solvent may wash away some of the fingerprint constituents. If the fingerprint 
can no longer be detected or imaged with satisfactory results (after they have been 
developed) it would leave the SIMS method rather redundant, because it would take 
many days of continuous analysis to speculatively scan an entire sheet of A4 paper in 
order to find a fingerprint.
As has been described in Section 1.1.1 chemical developers often undergo chemical 
reactions with different types of molecules within the latent fingerprint residue. The 
resulting chemical species are what investigators actually detect {e.g. ninhydrin 
reacts with amino acids to produce Ruhemann’s purple complex, a purple coloured 
compound). By its very nature the chemical developer process introduces molecules 
that were not present in undeveloped fingerprints. This means that although using the 
negative ion mode for analysing fingerprints on silicon was not useful, there may be 
molecules which are prominent in the negative ion mass spectra of developed 
fingerprints. Therefore both positive and negative ion mass spectra of developed 
fingerprints were analysed. This section presents the results of analysing a ninhydrin 
developed fingerprint that was deposited on paper (see Figure 3-5 and Figure 3-6). 
Figure 3-5A shows a selection of the positive ions that were detected when a 
ninhydrin developed fingerprint was analysed by ToF-SIMS, some of which have 
been detected in other analyses of fingerprints e.g. the ion at 38.97 corresponds to K 
and the ion at 551.51 can be assigned to a protonated form of a 
dimethyldioctadecylammonium ion [131], both of which were detected in the
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undeveloped fingerprint deposited on paper (see Figure 3-4). The image for the ion at
551.51 does not contain complete fingerprint ridge detail. This could be because the 
dimethyldioctadecylammonium ion was simply not present on that part of the 
fingertip, or it could be a result of the ninhydrin washing it away. In Figure 3-4, Na 
ions were detected in sufficient quantities in the fingerprint, however in Figure 3-5B 
Na ions were detected in areas where the paper is found, this provides further 
evidence that Na ions should not be used for identifying the location of a fingerprint. 
Figure 3-5B (showing ions originating from the paper) shows that the paper substrate 
upon whieh the fingerprint has been deposited is also easily identifiable and 
distinguished from developed the fingerprint.
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Figure 3-5: Positive ion images of (A) molecular ion fragments originating from a 
ninhydrin developed fingerprint on paper and (B) molecular ion fragments 
originating from the paper substrate. Refer to Section 2.4.1 for experimental
conditions.
Figure 3-6 shows negative ion images of a fingerprint deposited on a paper substrate 
which was treated with ninhydrin. The area shown is approximately the same as that 
shown in Figure 3-5 allowing for a comparison between the positive and negative ion
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modes of operation. Figure 3-6A shows images of ions that are believed to originate 
from the fingerprint (the pattern produced by the ridges in these images matches 
those shown in Figure 3-5A). By analysing in the negative ion mode it is clear that 
the seeondary ion yield of fingerprint ions is quite poor in comparison to the positive 
ion mode. The ridge detail is not as clear and there is not as much contrast with the 
substrate (the images shown in Figure 3-6A show the highest quality images from the 
entire mass spectrum). In a similar scenario to Figure 3-5, the ion at m/z 255.35 
produces an image with non-complete ridge detail, as with the positive ion mode this 
is believed to be caused by the molecule responsible for that ion not being present in 
that area of the sample. Figure 3-6B shows images of ions originating from the paper 
substrate, but the quality of these images is quite poor and the eontrast between 
where the fingerprint ridge lies and the paper substrate is not that clear. This is most 
likely explained by the paper substrate not producing a high yield of negative ions. 
This is not of major concern as the positive ion mode of analysis produces better 
quality images of both the substrate and the fingerprint ridges.
Field of view: 5000 .0  x  5000 0
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Figure 3-6: Negative ion images of (A) molecular ion fragments originating from a 
ninhydrin developed fingerprint on paper and (B) molecular ion fragments 
originating from the paper substrate. Refer to Section 2.4.1 for experimental
conditions.
The result of these experiments means that ninhydrin-developed fingerprints can be 
imaged by ToF-SIMS. The positive ion mode of analysis produces far better quality
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images than the negative ion mode; therefore the positive ion mode of analysis 
should be used in future experiments for investigating ninhydrin developed 
fingerprints on paper substrates.
3.4 Ballpoint Pen Ink on Silicon
As discussed in Section 3.1 before any analyses of overlapping fingerprints and inks 
on paper was carried out using ToF-SIMS, the fundamental components of the 
specific pen, paper and fingers used must be assessed and compared with the 
literature [36, 47, 51, 53]. This section therefore presents the results of analysing a 
ballpoint pen ink on a silicon wafer; silicon was used as a deposition substrate 
because, as stated previously, it typically does not produce many potential interfering 
signals in the mass spectrum (other than possible surface contamination) due to its 
high purity. As discussed in Section 2.3 only one ballpoint pen ink was used in this 
research. The aim of these basic experiments was to produce a list of ions, later used 
for producing high quality images of ink on paper and then for overlapping 
fingerprints and inks.
An initial study focussed on analysing an area of 500 pm x 500 pm, which is small 
compared with the fingerprint images, which were “macroscans” -  i.e. composite 
images of around 3-4 mm in width. The reason for the small area of analysis was to 
reduce the analysis time compared to a macroscan (10 minutes compared to 3 hours 
for a macroscan), and to visualise an ink line only a small region of the sample 
needed to be studied. The purpose of this initial study was to determine the fragment 
ions present in the pen that provided the best contrast with the silicon substrate.
Figure 3-7 shows the results of analysing the ballpoint pen ink in positive ion mode 
on a silicon wafer. Figure 3-7A shows images of ions that originate from the silicon 
substrate, some of these provide very good contrast with the ink e.g. ions at m/z 
27.98, 28.99 and 44.98; the ions at m/z 27.98 and 28.99 are likely to correspond to Si 
and SiH respectively.
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Figure 3-7: Positive ion images of (A) ions and molecular ion fragments originating 
from a silicon wafer substrate and (B) ions and molecular ion fragments originating 
from a Staedtler 4300M black ballpoint pen ink deposited on the silicon wafer 
substrate. Refer to Section 2.4.1 for experimental conditions.
Figure 3-7B shows positive ion images of secondary ions that should be detected 
from this ink based on what has been reported in the literature [51]. From the images 
presented in Figure 3-7B, not all of the ions that have been found in the literature 
produce high quality images. The ions at m/z 358.24 and 372.25 show very clear 
images with good contrast to the substrate; this is to be expected as these ions 
correspond to the molecular ions of dyes basic violet 1 and 3 respectively (see Figure 
3-8).
HsC^ +.CH3
CH3N
C H 3 H
N
CH 3
I
CeHs
Basic Violet 1 
M: 358.22
Basic Violet 3 
M:372.24
Basic Blue 26 
M: 470.26
Figure 3-8: Chemical structures (and their masses) of the 3 main dyes found in a 
Staedtler 4300M black ballpoint pen [51].
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The molecular ion of basic blue 26 should be detected at m/z 470 and the image in 
Figure 3-7B shows some ions being detected. However, the intensity is not as high as 
the ions from dyes basic violet 1 and basic violet 3; this would suggest that the 
ionisation yield for this molecule is far lower than the other dyes (this may be due to 
the substrate being different to that used by Coumbaros et a l (2009) [51]). The other 
ions shown in Figure 3-7B are indicative of molecular fragment ions originating 
from the molecules shown in Figure 3-8. These images show that in the positive ion 
mode it is quite easy to differentiate between ink and the substrate; but that the 
results were not as predicted from the literature.
Figure 3-9 shows negative ion images of a Staedtler 4300M black ballpoint pen ink 
deposited on a silicon wafer substrate. Figure 3-9A shows images of ions originating 
from the silicon wafer substrate. As has been previously indicated it is very difficult 
to make assignments of these signals to specific molecules without careful mass 
calibration, but the results generated from this experiment show that it is possible to 
differentiate between the deposited ink and the substrate. Figure 3-9B shows ions 
originating from the ballpoint pen ink. The ion at m/z 78.96 produces a very clear 
contrasting image with the substrate, in a similar intensity to the ions at m/z 358.24 
and 372.25 shown in Figure 3-7B. However, this is the only ion to produce such high 
intensity images with good contrast.
Field of view: 5 0 0 .0 x 5 0 0 .0
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Figure 3-9: Negative ion images of (A) ions and molecular ion fragments originating 
from a silicon wafer substrate and (B) ions and molecular ion fragments originating 
from a Staedtler 4300M black ballpoint pen ink deposited on the silicon wafer 
substrate. Refer to Section 2.4.1 for experimental conditions.
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The results of this initial study (analysing a small area of 500 pm x 500 pm) has 
shown that the negative ion mode of analysis does not provide further detail, or better 
image quality than that produced by analysing in the positive ion mode. This 
suggests it is not worth investigating large areas of a sample with the negative ion 
mode.
Figure 3-10 shows positive ion images of a Staedtler 4300M black ballpoint pen ink 
deposited on a silicon wafer in a crossed-grid pattern. The images in Figure 3-lOA 
show that Na, m/z 22.99; K, m/z 38.97 and m/z 40.96 are found on the silicon 
substrate, this suggests it should not be possible to distinguish a fingerprint from the 
silicon substrate, however it has been shown in Figure 3-1 and Figure 3-2 that this is 
not the case. The reason that Na, K and appear to have been detected in a 
reasonably large amount in this sample is because the images (presented here) show 
the relative intensity of those ions within the whole sample; the areas which appear 
to have Na, K and (bright pixels) have a high level compared to areas where 
there are low levels (dark pixels), this where the ink is on top and masking the 
substrate. Figure 3-1 OB shows the molecular ion fragments that are found in the 
ballpoint pen ink; the ions at m/z 470.05, 372.25 and 358.23 correspond to the 
molecular ions of dyes basic blue 26, basic violet 1 and basic violet 3 respectively. 
The ions at m/z 106.07, 118.07 and 344.22 are fragments of these dyes; these 
fragments have all been found by Coumbaros et al. (2009) and in the results shown 
in Figure 3-7 [51].
It is evident that some of these fragments provide better images than others (based on 
the contrast with the substrate) and so will be targeted for imaging use in further 
samples. This experiment shows that it is possible to differentiate ink molecules from 
a basic substrate such as silicon, and in doing so shows that the ink is on top of the 
substrate as it masks the detection of substrate molecular fragments. This experiment 
also shows that scans of small areas (such as those shown in Figure 3-7 and Figure 
3-9) produce similar quality images to “macroscans”.
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Figure 3-10: Positive ion images of (A) molecular ion fragments originating from a 
silicon wafer substrate and (B) molecular ion fragments originating from a Staedtler 
4300M black ballpoint pen ink deposited on the silicon wafer substrate. Refer to 
Section 2.4.1 for experimental conditions.
3.5 Ballpoint Pen Ink on Paper
Figure 3-11 shows positive ion images of ballpoint pen ink deposited on paper. 
Figure 3-11A shows molecular fragment ions that originate from the pen ink. The 
ions with m/z of 358.23, 372.25 and 470.15 correspond to the dyes basic violet 1, 
basic violet 3 and basic blue 26 respectively (see Figure 3-8). The ions of m/z 106.07, 
118.08 and 344.21 correspond to fragments of those dyes. It is evident that the dyes 
basic violet 1 and 3 produce images of the best contrast with the paper substrate; this 
could be because of the concentration of the dye within the overall ink composition, 
or it may be that basic blue 26 is not easily ionised by the ToF-SIMS technique. This 
suggests that the ions at m/z 358.23 and 372.25 (dyes basic violet 1 and 3) are the 
best ions to image when investigating overlapping fingerprints and inks, because 
they show the best contrast with the substrate. Figure 3-1 IB shows positive ions that 
originate from the paper substrate. The importance of these results is the 
identification of the molecular ion fragments that produce the greatest contrast with 
the ink ions {m/z 358.23 and 372.25). Testing the capability of ToF-SIMS to image 
ink molecules on paper will enable further analyses of overlapping fingerprints and 
inks on paper; without determining which molecular fragments to search for on 
paper, this would not be possible.
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Figure 3-11: Positive ion images of (A) molecular ion fragments from a Staedtler 
4300M black ballpoint pen ink deposited on paper and (B) ions originating from the 
paper substrate. Refer to Section 2.4.1 for experimental conditions.
3.6 Overlapping Undeveloped Fingerprints and Ink on Paper
The results in Section 3 thus far demonstrate that ToF-SIMS has the ability to show 
that developed and non-developed fingerprints can be distinguished from the 
deposition substrate; ballpoint pen inks have also shown the ability to be easily 
distinguished from their deposition substrate. The main objective of this thesis is to 
determine whether or not a fingerprint can be determined to have been laid prior to, 
or after an ink line with which it spatially overlaps. This section will aim to 
demonstrate whether this is possible by analysing fingerprints that have not been 
treated (either chemically or physically) in order to make them visible. This will 
allow for any effect (positive or negative) that developing the fingerprint has on the 
chemistry of the fingerprints to be evaluated in later chapters (see Chapter 5).
Figure 3-12 shows primary ion images produced by analysing two different samples; 
sample A (Figure 3-12A) is an undeveloped fingerprint that was deposited on top of 
ink lines on a paper substrate and sample B (Figure 3-12B) is an undeveloped 
fingerprint deposited on paper which then had ink lines drawn on top of the 
fingerprint. In both Figure 3-12A and Figure 3-12B there are primary ion images 
which were seen in the previous sections and correspond to fingerprint molecules
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{m/z 88.08, 112.10 and 551.52) and to ink molecules {m/z 301.16, 358.23 and 
372.25).
Figure 3-12A shows that when a fingerprint lies on top of an ink line it masks the 
detection of the ink molecules, resulting in a dark area on the ink line. This is not 
surprising given the surface sensitivity of the ToF-SIMS technique, and the fact that 
a fingerprint is thought to be more than a few monolayers in thickness [133]. When 
this is compared to the data produced by sample B (Figure 3-12B) it is evident that if 
the ink lies on top of a fingerprint the ink line is no longer masked and appears 
continuous.
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Figure 3-12: Positive ion images of (A) a fingerprint deposited after ink and (B) a 
fingerprint before ink on a paper substrate. Refer to Section 2.4.1 for experimental
conditions.
An interesting observation is that the fingerprint molecules do not behave in the same 
manner as the ink; regardless of whether a fingerprint lies above or below the ink the 
fingerprint ridges appear discontinuous. If the fingerprint is above the ink the 
discontinuity is likely to occur from either a matrix effect with the ink (the ink 
chemicals retarding the emission of the fingerprint molecules), or the fingerprint may 
not be adhering to the paper surface where the ink has already absorbed onto the 
paper fibres. If the ink is above the fingerprint then the fingerprint ridge discontinuity 
is likely due to the ink masking the fingerprint molecules. This indicates that 
fingerprint molecules cannot be used in determining the deposition order of 
fingerprints and inks. The results in Figure 3-12 show that by comparing the ink
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signals for fingerprint deposited on top of ink with a fingerprint deposited beneath 
ink it is in theory possible to determine the deposition order of fingerprint and ink.
Figure 3-13 shows the results of repeating the experiment shown in Figure 3-12. 
Here, an undeveloped fingerprint is deposited either; on top of ink (Figure 3-13 A) or 
is deposited on the paper first and then has ink deposited on top of it (Figure 3-13B). 
As discussed previously, the fingerprint molecules are found not to be useful in 
helping to determine the deposition order of overlapping fingerprints and inks, 
therefore only one fingerprint ion signal is shown to demonstrate where the 
fingerprint ridges are found within the sample.
Field of view: 5000.0x5000.0
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Figure 3-13: Positive ion images of (A) a fingerprint deposited after ink and (B) a 
fingerprint deposited before ink on a paper substrate. Refer to Section 2.4.1 for
experimental conditions.
In Figure 3-13A it is clear that the ink lines are discontinuous in their intensity; the 
fingerprint molecules have prevented the detection of some of the ink ions. In this 
instance the ink lines are still clear and not as “broken up” as those shown in Figure 
3-12A. Figure 3-13B meanwhile shows that the ink lines are also discontinuous, the 
intensity does not vary as much as those shown in
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Figure 3-13A, but they vary more than those shown in Figure 3-12B. Again, by 
comparing the two sets of figures in Figure 3-13 with each other it is possible to 
draw a conclusion about the deposition order. However, there is a problem, in real- 
life forensic cases the likelihood of having two samples which can be compared with 
each other (one with the ink on a fingerprint and one with a fingerprint on the ink) is 
going to be extremely rare. If an analyst were to view Figure 3-13B by itself it would 
be quite difficult to be certain of whether the fingerprint lies above or below the ink 
line. There would be too much subjectivity involved for the analyst. A more 
objective, quantifiable protocol for determining the deposition order of overlapping 
fingerprints and inks therefore had to be developed based on the variation of the 
intensity of the ink lines.
A study was carried out involving four different donors depositing fingerprints above 
and below ink lines on paper substrates (in a similar manner as was carried out for 
the results shown in Figure 3-12 and Figure 3-13). To look at the intensity changes of 
the ink line, line scan data were produced by analysing the signal intensity of the 
peaks from m/z 358.2 and 372.2 at 128 points along a single ink line. The intensity of 
each point in the line scan was calculated using the weighted sum of the four 
surrounding pixels at the corresponding point in the image. Three line scans, 
approximately 4-5 pixels apart, were generated for each ink line and for each mass 
{m/z 358.2 and 372.2). Figure 3-14 plots the line scan data.
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Figure 3-14: Line scans of overlapping fingerprints and inks following the intensity 
of ions characteristic of the ink (fi*om m/z 358.2) -  the inserted images show the 
location where the line scans were taken [134].
The red line in Figure 3-14 is of a sinusoidal nature and is clearly more variable in 
intensity than the blue line (corresponding to a sample where the ink lies on top of 
the fingerprint (FP)). It therefore follows that the standard deviation of the line scan 
data could be used as an indicator of the sequence of fingerprint and ink. Owing to 
unavoidable differences in operating conditions, such as primary ion current 
fluctuations, the collected signal for a given m/z can be expected to vary from run to 
run. Therefore, the amplitude of the variation in the line scan data would also be 
expected to vary fi*om run to run. To account for this variation, the standard 
deviation is normalized to the root mean square of the line scan data.
Figure 3-15 shows the normalized standard deviations of line scan data fi*om two ink 
ions {m/z 358.2 and 372.2) from 6 different fingerprints from four different donors 
(donor 1 depositing three different sets of fingerprints on different days and one of 
those sets being re-analysed six months later), both above and below ink lines. Some 
samples only had one ink line available within the scan area, whereas others had 
multiple; where possible three ink lines per scan were analysed.
For all donors, the normalized standard deviation of the ink line scan was highest 
when the fingerprint was on top of the ink. However, when dealing with real case 
samples, an analyst will not necessarily be able to compare the questioned document 
to controlled samples deposited by the same donor. Therefore the following protocol 
was adopted based upon the results generated in this study: if the normalized 
standard deviation was higher than 23.5, the fingerprint can be determined to be 
above the ink line. If the normalized standard deviation is less than 23.5 then the 
results are inconclusive. An inconclusive result is generated because a normalized 
standard deviation of less than 23.5 can arise for one of two reasons a) the ink line is 
unmasked and nothing lies on top of it or b) a fingerprint lies on top but does not 
mask the ink line sufficiently, presumably because insufficient material has been 
deposited in the fingerprint. For example, in the case of Donor 3, the protocol 
determined all the line scans to be inconclusive, but when this fingerprint was
86
Chapter 3. Development o f a Protocol fo r Overlapping Fingerprints and Inks Analysis
subsequently developed with ninhydrin, no ridge detail could be seen. A confidence 
limit of 98% of the data was obtained using a cut-off value of 23.5. This is derived 
by taking the mean plus 2o of the ink over fingerprint data (using both ink masses 
i.e. 358.2 and 372.2). In this study there were no false positives i.e. there were no 
cases where an ink line was on top of a fingerprint but the data suggested that the 
fingerprint was on top.
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Figure 3-15: Normalized standard deviations of the line scan data for each of the 
different samples in the study, compared with the protocol "cut-off point [134].
The data produced by this study (and shown in Figure 3-15) demonstrate that it is 
possible to determine the deposition order when an undeveloped fingerprint overlaps 
with a ballpoint pen ink line. This work has been published in Analytical Chemistry 
(ACS) [134].
3.6.1 On the discontinuation of ink line intensity when an ink line is deposited 
on top of a fingerprint
When an ink line is deposited on top of a fingerprint, it is expected that the ink line 
will appear continuous in uniformity when analysed with ToF-SIMS. This is 
assuming that no mixing is taking place and that there are no matrix effects, leading
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to a change in secondary ion yield of the ink molecules. Figure 3-12B and Figure 
3-13 A both show images where the ink line is on top of a fingerprint. They show that 
sometimes the ink does appear continuous (Figure 3-12B) and sometimes not (Figure 
3-13A). It was therefore useful to determine whether the discontinuity is visible 
optically, or whether there is indeed some matrix effect has an impact on the 
secondary ion yield. Figure 3-16 shows 2 samples (A and B) where ink is deposited 
on top of a fingerprint. Figure 3-16A shows the secondary ion image of the ink lines 
and it is evident that there is some discontinuity to the ink line. However, when the 
sample is viewed optically, the ink line does not appear discontinuous; this suggests 
that the discontinuity in the secondary ion image is likely to originate from either a 
matrix effect or some mixing in the sample (between the ink and fingerprint) which 
is not visible optically. Figure 3-16B shows that a continuous ink line (as analysed by 
ToF-SIMS) also appears continuous optically.
Field of view: 3500.0 x 3500.0
M:358.23 /total ion M: 358.23 /total ion
Figure 3-16: Secondary ion and optical images (representative of the area shown in 
the secondary ion image) of ink lines deposited on undeveloped fingerprints.
3.7 Summary
Chapter 3 has shown the various steps carried out towards developing a protocol for 
determining the deposition order of overlapping undeveloped fingerprints and inks 
using ToF-SIMS. The fundamental experiments analysing fingerprints and inks on 
basic substrates such as silicon and then paper have been carried out allowing for an 
understanding of the fingerprint and ink behaviour on these surfaces.
Chapter 3. Development o f  a Protocol fo r  Overlapping Fingerprints and Inks Analysis
A protocol has been developed which is based around the normalised standard 
deviation of the ink line intensity where an ink line overlaps with a fingerprint. A 
quantitative method was required as imaging the overlapping fingerprint and ink 
alone did not provide a reliable conclusion.
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Chapter 4
Chapter 4 provides the reader with results and discussion from experiments 
investigating the different factors that can affect the developed protocol. The results 
of these experiments required the protocol proposed in Chapter 3 to be modified; 
these modifications and developments are presented in this chapter.
4 Modification of the Protocol
In order to help validate the protocol outlined in Chapter 3, further tests and 
experiments were carried out in order to assess its applicability to real-life forensic 
casework. Part of this required overlapping fingerprint and ink samples to be 
chemically developed by methods routinely used by forensic investigators, namely:
• ninhydrin dipping/immersion;
• l,2-Diazafluoren-9-one (DFO) dipping/immersion;
• dimethylaminocinnamaldehyde (DMAC) contact transfer;
• 1,2-indandione contact transfer;
• cyanoacrylate fuming.
Whilst cyanoacrylate fuming is not traditionally used on porous objects it was felt 
that the nature of the technique (fumes as opposed to solvent immersion) would 
perhaps provide a suitable technique for developing fingerprints overlapping with 
inks.
In order to test the effect of fingerprint development on the protocol, a fundamental 
requirement was that the set of samples to be developed would already fit the 
protocol prior to development. As explained in Section 3.6, it had already been 
established that the aged and undeveloped fingerprints tested conformed to the 
protocol [134] therefore the age of the fingerprint was not considered further. Ten 
fingerprints from one donor were deposited on a paper substrate; five fingerprints 
were deposited on top of ballpoint pen ink lines and five were deposited on blank 
paper and then had ink lines drawn over the top. Approximately two minutes were
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allowed to pass before putting a fingerprint on top of the ink lines and for the ink 
lines to be drawn on top of the fingerprints. The samples were then analysed 
following the procedure described in Section 3.6. Figure 4-1 shows the results.
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Figure 4-1: Normalised standard deviations of ten fingerprints (both above and below 
ink) compared with the current confidence limit set by the proposed protocol.
The data shown in Figure 4-1 demonstrates that the protocol does not correctly 
predict the deposition order of this set of samples with the exception of Samples D, F 
and H, where the deposition order is correctly predicted. To predict the deposition 
order correctly, samples where a fingerprint is on top of ink (red) should reside above 
the green line and samples where the ink is on top of the fingerprint (blue) should be 
found beneath the green line. After plotting the data as line scans (such as those 
shown in Figure 3-14) it was evident that in samples where the fingerprint was 
deposited on ink, the data still produced a sinusoidal type line (see Figure 4-2). 
However, the amplitudes were not as large as for the previous set of samples (see 
Section 3.6) and this smaller spread of data lead to a lower normalised standard 
deviation value for the sample. In samples where the ink was deposited on top of the 
fingerprint, the data did not produce such regular oscillation: instead the line scans 
showed no clear/obvious repetitive pattern (see Figure 4-3).
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Figure 4-2: Line scan following the intensity of ink ion signals along an ink line 
where an undeveloped fingerprint lies on top of an ink line.
Figure 4-3 also highlights how the intensity of secondary ions can actually fluctuate 
and change during the macroscan. When a polynomial trend line is plotted on this 
data it shows a positive gradient. By using this trend line it was possible to normalise 
the data to a moving average, this resulted in flattening the gradient in the overall 
data and the effect of this can be seen in Figure 4-4.
The new data were therefore modified by normalising to a moving average and 
accounting for the variation in secondary ion emission across the sample. However, 
this modification did not produce a new protocol that could accurately describe the 
deposition order in these samples. This suggested that the original protocol needed to 
be modified. The following section looks at how the protocol was modified in order 
for it to function effectively.
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Figure 4-3: Line scan following the intensity of ink ion signals along an ink line 
where an ink line lies on top of an undeveloped fingerprint.
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Figure 4-4: Line scans from Sample I showing the original data (with a polynomial 
trend line) and comparing that with the new nonualised data.
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4.1 Image Analysis
One of the problems with using line scans of overlapping fingerprints and inks is that 
it does not utilise all of the data in the secondary ion image, only a small section. 
Using the entire image data collected would provide more data points from which to 
draw a conclusion. By examining the data from a line scan (Figure 4-5) it is clear that 
there is a sinusoidal type curve present. The peaks relate to the areas of the sample 
where the ink does not overlap with a fingerprint ridge (highlighted gold); the 
troughs relate to areas of the sample where the ink overlaps with a fingerprint ridge 
(highlighted blue). In establishing the deposition order, the major concern is whether 
the difference between the peaks and troughs is significant. In order to use all of the 
data in the image, a new analysis procedure was constructed. In this procedure, a 
mask of the fingerprint ridges was created and overlaid with the ink images. It is 
thereby possible to compare the image intensities from areas of the ink that overlap 
with fingerprint ridge with those areas that do not overlap. The following section 
explains in detail how this is done.
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Figure 4-5: Line scan data from Figure 4-2 with highlighted regions showing peaks
and troughs.
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4.1.1 Creating a mask
For each sample, a secondary ion image that showed very clear and bright fingerprint 
ridge detail was selected, typically from K (at m/z 38.97) as shown in Figure 4-6A. 
This image was then converted into a greyscale image and copied (Figure 4-6B). The 
copied image was then colour reversed (negative image) (Figure 4-6C). Finally, both 
greyscale images were set to have only two colours, black and white.
Figure 4-6: A) Positive ion image of K {m/z 38.97) showing clear fingerprint ridge 
detail B) two-colour image used as a mask for showing areas where ink and 
fingerprint overlap and C) two-colour image used as a mask for showing areas of the 
ink where ink does not overlap with fingerprint.
4.1.2 Applying the mask to the ink image
By taking the images in Figure 4-6B and Figure 4-6C and overlaying them with 
greyscaled images of the ink signals {m/z 358 and 372) it is possible to produce two 
new images. The first resulting composited image shows areas of ink which overlap 
with the fingerprint ridges and the second composite image (B) shows areas of the 
ink which does not overlap with the fingerprint ridges.
4.1.3 Designing a new protocol
To put a quantitative value on the difference in intensities between images A and B 
in Figure 4-7, the images were converted to a portable greymap file (.PGM). This 
converts each pixel of the image into a numerical value and allows for statistical 
analysis of the image in Microsoft Excel. A frequency distribution of the pixel 
intensities was tabulated and the mean was then calculated for both processed 
images, A and B, when the ink overlaps with fingerprint ridge and when it does not.
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Equation 2 permits the calculation of a-cut-off value, calculated by normalising the 
difference in pixel intensity between the two composite images to the average 
intensity.
(B)
Figure 4-7: Diagram showing how fingerprint ridge masks were applied to the ink 
ion image in order to produce two new composite images, showing the difference in 
ink signal intensity where it overlaps (A) and does not overlap with the fingerprint
ridge (B).
Equation 2
f 2 { M B - M A y  
I MB + MA *  100
Where:
MA = Mean of the pixel intensity where ink does not overlap with fingerprint ridges
MB = Mean of the pixel intensity where ink overlaps with fingerprint ridges.
This cut-off value was average for the ink signals at m/z -358 and -372. This 
average value was then used as the new criterion to determine the deposition order.
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4.1.4 Results
Figure 4-8 shows the results of applying this method to the samples used to produce 
the original protocol in Section 3.6 and the new, non-conformant samples used to try 
and establish the effect of chemical developers on the protocol (see the start of 
Chapter 4). The cut-off value was therefore changed to 35; this decision was based 
on this value being half of the difference between the fingerprint on ink samples and 
ink on fingerprint samples, i.e. halfway between 40 and 30.
Figure 4-8 also demonstrates that the new protocol correctly predicts seven out of the 
twelve samples in which the fingerprint is on top of the ink. For the remaining five 
samples that fall below the cut-off value (circled in gold in Figure 4-8) the 
conclusion of “inconclusive” must be drawn. As with the previous protocol, an 
inconclusive result can be generated for one of two reasons a) the ink line is 
unmasked and nothing lies on top of it or b) a fingerprint lies on top but does not 
mask the ink line sufficiently, presumably because insufficient material has been 
deposited in the fingerprint. For example, in the case of Donor 3, the new protocol 
determined the sample to be inconclusive, but when this fingerprint was 
subsequently developed with ninhydrin, no ridge detail could be seen. This applies to 
Donor 3 when ink was above the fingerprint as well as when ink was below the 
fingerprint.
The results presented in Figure 4-8 highlight the fact that a significant level of 
fingerprint must be deposited for a conclusive results to be obtained. In the case of 
Donor 3, when the mask for identifying the areas of overlap was generated, the 
number of pixels in the mask was fewer than 1000 (this applied when the ink was 
above the fingerprint and when it was below the fingerprint). For all the other 
samples analysed, the number of pixels in the overlap mask was at least 1000. This 
essentially means that there was not enough ridge detail present in order to mask any 
of the ink line signals and so its protocol value was artificially low.
Excluding the results generated by Donor 3, the new protocol gives no false positive 
results.
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Figure 4-8: Results of applying the new protoeol to samples from previous 
investigations (see Sections 3.6 and 4).
4.2 Summary
This chapter has shown that the original protocol outlined in Section 3.6 was not 
fully robust, because when further samples were tested the protocol failed to 
correctly predict the deposition order. In this chapter, a new method and protocol was 
developed based upon using the entirety of the data produced in the secondary ion 
image: this new protocol is based upon using the fingerprint ridge pattern as a mask 
on the ink line signal, rather than using line scans, which are less representative of 
the data collected.
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Chapter 5
Chapter 5 is concerned with investigating the effect of chemical development of 
fingerprints (used by police and forensic investigators to locate fingerprints), on 
determining the deposition order of overlapping fingerprints and inks on a paper 
surface.
5 The Effect of Chemical Developers on 
the Modified Protocol
At the start of Chapter 4 it was stated that in order to test the robustness and real- 
world applicability of any protocol produced by this research, the protocol should be 
tested on samples that have been treated in a similar way to samples collected by 
forensic investigators working for the police.
In the study reported in Chapter 4, ten fingerprints from one donor were analysed; 
five fingerprints were deposited on top of ballpoint pen ink lines (samples A-E) and 
five were deposited on blank paper before ink lines drawn over the top (samples F-J). 
The samples were paired so that one of each type of sample was developed by each 
of the five development techniques listed in Section 2.2.
Only two pairs of samples gave positive results under the protocol -  samples C and 
H and samples D and I. These samples were treated by 
dimethylaminocinnamaldehyde (DMAC) contact transfer and 1,2-indandione contact 
transfer respectively (see Section 2.2 for detail on how they were developed). 
Samples C and D are most relevant because prior to development these samples 
yielded a positive result from the protocol -  i.e. a correct prediction that the 
fingerprint was above the ink. The remaining samples were still of interest despite 
the fact that they produced an inconclusive result. The following sections investigate 
the effect of chemical developers on the modified protocol.
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5.1 The Effect of Ninhydrin Immersion
Figure 5-1 shows the imaging results of analysing a fingerprint deposited on top of 
ink lines before and after development by ninhydrin immersion. Both sets of images 
show the non-normalised 38.97 (K) signal as this is the image that is used to create 
the mask for the new protocol. The normalised 38.97 signal is also shown as it 
sometimes provides a clearer image of the fingerprint ridge detail. Both the 358 and 
372 signals are also shown to highlight the quality of the ink line.
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Figure 5-1 : Positive ion images of a fingerprint deposited on top of ink lines before 
being developed with ninhydrin and the same sample post-development. Refer to 
Section 2.4.1 for experimental conditions.
Whilst the field of view is slightly different and the area analysed is not the same, it 
is obvious that the ridge detail is not as clear after development as it was before 
development. The samples have aged over two weeks, but this has not had a large 
impact in previous studies (see Section 3.6). It is likely that the primary cause for this 
change to the ridge detail is due to the ninhydrin immersion technique. The 
formulation used here for ninhydrin immersion includes ethanol and 1-
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methoxynonafluorobutane, both of which are organic solvents and could contribute 
to the spreading and mixing of the fingerprint material as well as the ink constituents. 
The ink images have also changed in their appearance and do not appear as intense as 
before. It is still possible to make out areas where the fingerprint and ink overlap but 
not as clearly as before development.
When these images are treated with the new protocol the results are as follows: 
Before development -  18.95, after development -  42.33. However, after 
development the number of pixels in areas where fingerprint and ink overlap is fewer 
than 1000. This means that the protocol cannot be applied to the sample (as outlined 
in Section 4.1.4). This result indicates that the ninhydrin immersion development 
process has an impact on the surface chemistry of this sample, and ultimately means 
that the procedure is not compatible with ninhydrin development.
Figure 5-2 shows the imaging results of analysing ink lines deposited on top of a 
fingerprint before and after development by ninhydrin immersion. The quality of 
images both before and after development is similar to those produced when 
analysing the fingerprint deposited on top of ink; prior to development the fingerprint 
ridge lines are clear and distinct. The ink lines are also clear and continuous in their 
apparent intensity. After development the quality of fingerprint and ink images are 
significantly decreased. When these images are treated by the new protocol the 
results are as follows: before development -  7.93, after development -  60.17. 
However, because the number of pixels in the areas where and ink and fingerprint 
overlap is fewer than 1000 it means that the protocol cannot be applied to this 
sample.
Overall it would appear that the ninhydrin development process does affect the 
ability of ToF-SIMS to determine the deposition order of overlapping fingerprints. In 
both developed samples an insufficient secondary ion yield resulted in a low pixel 
count, meaning that the protocol could no longer be applied. This may be due to the 
ninhydrin forming a surface coating on the paper and inhibiting the emission of 
secondary ions from the fingerprint and ink molecules. An alternative explanation is 
that the use of solvents in the development process encourages mixing between the 
ink and fingerprint. If this is the case, then it would not be possible for any technique
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to determine the deposition order because the ink and fingerprint would then have 
mixed and formed one continuous matrix.
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Figure 5-2: Positive ion images of ink lines deposited on top of a fingerprint before 
being developed with ninhydrin and the same sample post-development. Refer to 
Section 2.4.1 for experimental conditions.
5.2 The Effect of l,2-Diazafluoren-9-one (DFO) Immersion
Figure 5-3 shows the imaging results of analysing a fingerprint deposited on top of 
ink lines before and after development by l,2-diazafluoren-9-one (DFO) immersion. 
Before development the fingerprint ridge line quality is very good: it is even possible 
to make out some pore detail in the normalised 38.97 image. The ink lines {m/z 358 
and 372) are bright and it is possible to see the areas where the ink overlaps with the 
fingerprint, although the images must be studied quite closely. When comparing 
these images with the after development images, the quality of the ridge detail 
becomes significantly decreased. It is still possible to make out the ridge pattern, 
although it is not as clear. The ink lines are not as uniform as they were before
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development (the areas of overlap are clearer); it also looks as if the ink signal is 
being found in areas not found before development. The images would suggest that 
the ink has spread into areas between the fingerprint ridges, this could be because of 
the formulation used for DFO immersion; the solution used contains methanol and 
methoxynonafluorobutane with additions of /ra??5'-l,2-dichloroethylene, these are all 
solvents which could possibly account for the spreading of the ink. This suggests that 
if the solvent used for development can move the ink molecules around then it will 
be unsuitable for us in conjunction with the new protocol.
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Figure 5-3: Positive ion images of a fingerprint deposited on top of ink lines before 
being developed with l,2-diazafluoren-9-one (DFO) and the same sample post­
development. Refer to Section 2.4.1 for experimental conditions.
When these images are treated by the new protocol the results are as follows: before 
development -  22.69, after development -  34.94. To understand whether this change 
is significant, the results from the repeating a previous sample (Donor 1C from 
Section 4.1.4) can be evaluated to give an indication of the variability of the 
procedure. The standard deviation of the two measurements of sample 1C (where a
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fingerprint was above an ink line) is 15.01. Therefore, the difference in the results 
before and after DFO development is clearly less than two of these standard 
deviations, suggesting that at the 98% confidence level there is no significant 
difference between the samples. However, the limitation of this conclusion is that it 
is based on one sample repeated once. The fact that DFO immersion has had this 
effect at all is quite interesting and should be investigated further.
Figure 5-4 shows the imaging results of analysing ink lines deposited on top of a 
fingerprint before and after development by DFO immersion. Before development 
the fingerprint ridge line quality is quite good, although it is not possible to see much 
pore detail in the normalised 38.97 image. The ink lines {m/z 358 and 372) have 
areas of light and dark which corresponds to the areas where the ink overlaps with 
the fingerprint ridges; qualitatively this suggests that the fingerprint would be on top 
of the ink when in fact it is the other way around. As with the fingerprint on ink line 
samples (shown in Figure 5-3) it looks as if the ink signal is being found in areas not 
found before development. The images would suggest that the ink has spread into 
areas between the fingerprint ridges; this could be because of the solvents used in the 
formulation for DFO immersion. Again suggesting that if the solvent used for 
development can move the ink molecules around then it will be unsuitable for use in 
conjunction with the new protocol. It also means that no analytical technique will be 
able to determine the deposition order.
When these images are treated by the new protocol the results are as follows: before 
development -  31.53, after development -  18.35. As with the previous sample in 
order to understand whether this change is significant, the results from the repeating 
a previous sample (Donor 1C from Section 4.1.4) can be evaluated to give an 
indication of the variability of the procedure. The standard deviation of the two 
measurements of sample 1C (when ink was on fingerprint) was 2.90. Therefore the 
difference in the results before and after DFO development is clearly more than two 
of these standard deviations, suggesting that at the 98% confidence level there is a 
significant difference between the samples. The limitation of this conclusion is that it 
is based on one previous repeat analysis however, the fact that DFO immersion has 
had this effect is quite interesting and should be investigated further.
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Figure 5-4: Positive ion images of ink lines deposited on top of a fingerprint before 
being developed with l,2-diazafluoren-9-one (DFO) and the same sample post­
development. Refer to Section 2.4.1 for experimental conditions.
The results presented in this section suggest that DFO immersion may actually 
improve the ability of the protocol to operate. For the sample where the fingerprint 
was above the ink, after development the protocol value increased (although not with 
a significant difference). When the ink was above the fingerprint and then developed, 
the protocol value decreased (with a significant difference). This suggests that DFO 
immersion should be investigated further as to the actual effects on allowing the 
protocol to correctly predict the deposition order.
5.3 The Effect of Dimethylaminocinnamaldehyde (DMAC) Contact 
Transfer
Figure 5-5 shows the imaging results of analysing a fingerprint deposited on top of 
ink lines before and after development by DMAC contact transfer. Before 
development the fingerprint ridge line quality is very good, it is even possible to
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make out some pore detail in the normalised 38.97 image. The ink lines {m/z 358 and 
372) are bright and it is quite clear to see the areas where the ink overlaps with the 
fingerprint. When comparing these images with the after development images, the 
quality of the ridge detail slightly decreases. It is still possible to make out the ridge 
pattern although it is not quite as clear (but clearer than after developing with an 
immersion technique (see Sections 5.1 and 5.2). The ink lines are more uniform in 
intensity than they were before development (the areas of overlap are less clear). 
However, by carrying out a contact transfer method there does not appear to be the 
same spreading of ink molecules/signal as there was with the previous samples (see 
Sections 5.1 and 5.2).
When these images are treated by the new protocol the results are as follows: before 
development -  39.66, after development -  24.93. To understand whether this change 
is significant, the results from the repeating a previous sample (Donor 1C from 
Section 4.1.4) can be evaluated to give an indication of the variability of the 
procedure. The standard deviation of the two measurements of sample 1C (where a 
fingerprint was above an ink line) is 15.01. Therefore, the difference in the results 
before and after DMAC development is clearly less than two of these standard 
deviations, suggesting that at the 98% confidence level there is no significant 
difference between the samples. However, the limitation of this conclusion is that it 
is based on one sample repeated once. This suggests that the process of contact 
transfer changes the sample in some way (although not by a statistically significant 
amount) and means the protocol no longer works; it is likely that by applying heat 
with an iron (during the contact transfer process) that this somehow changes the 
chemistry of the sample, perhaps by encouraging degradation/evaporation of the 
fingerprint or ink species or by encouraging mixing between the two. This is 
something which should be investigated further (in future research) by assessing the 
effect of heat on the chemistry of fingerprints.
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Figure 5-5: Positive ion images of a fingerprint deposited on top of ink lines before 
being developed by dimethylaminocinnamaldehyde contaet transfer and the same 
sample post-development. Refer to Section 2.4.1 for experimental conditions.
Figure 5-6 shows the imaging results of analysing ink lines deposited on top of a 
fingerprint before and after development by DMAC contaet transfer. Before 
development the fingerprint ridge line quality is very good, it is possible to see a 
reasonable amount of pore detail in the normalised 38.97 image. The ink lines {m/z 
358 and 372) are fairly uniform in intensity they do not appear “striped” as with 
other samples. After development the ink lines have not changed significantly in 
their intensity they do not appear more or less “striped”, the fingerprint images 
however have lost some of their sharpness the edges of the ridges are not as defined, 
although some ridge detail remains. Overall the fingerprint ridge images still appear 
very clear and defined.
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Figure 5-6: Positive ion images of ink lines deposited on top of a fingerprint before 
being developed with dimethylaminocinnamaldehyde contact transfer and the same 
sample post-development. Refer to Section 2.4.1 for experimental conditions.
When these images are treated by the new protocol the results are as follows: before 
development -  13.27, after development -  17.35. As with the previous samples, in 
order to understand whether this change is significant, the results from the repeating 
a previous sample (Donor 1C from Section 4.1.4) can be evaluated to give an 
indication of the variability of the procedure. The standard deviation of the two 
measurements of sample 1C (when ink was on fingerprint) was 2.90. Therefore the 
difference in the results before and after DMAC development is clearly less than two 
of these standard deviations, suggesting that at the 98% confidence level there is not 
a significant difference between the samples. However, the limitation of this 
conclusion is that it is based on one previous repeat analysis. This suggests that the 
process of contact transfer is not having a significant impact on the sample, this 
change could possibly be accounted for by analysing a different area of the sample 
compared to the before development area; it is possible that by applying heat with an 
iron (during the contact transfer process) that this is somehow changing the
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chemistry of the sample, perhaps by encouraging degradation/evaporation of the 
fingerprint or ink species or by encouraging mixing between the two. But this is 
something which could be investigated further (in future research) by assessing the 
effect of heat on the chemistry of fingerprints.
It would appear that the contact transfer method of development could have an effect 
on fingerprints that are deposited on top of ink lines (although this requires further 
analysis); by heating the sample there could be some change to the fingerprint 
chemistry present. However, samples where the ink is on top of the fingerprint do not 
appear to be affected to the same degree. The contact transfer method does not 
appear to significantly change the quality of the images produced, but this is difficult 
to assess without analysing more samples and looking at other signals coming from 
the fingerprint (an area for future research).
5.4 The Effect of 1,2-Indandione Contact Transfer
Figure 5-7 shows the imaging results of analysing a fingerprint deposited on top of 
ink lines before and after development by 1,2-indandione contact transfer. Before 
development the fingerprint ridge line quality is very good, pore detail is very clear 
in the normalised 38.97 image. The ink lines {m/z 358 and 372) show it is quite clear 
to see the areas where the ink overlaps with the fingerprint; the ink lines appear non- 
uniform and “striped” in their appearance. When comparing these images with the 
after development images, the quality of the ridge detail becomes slightly decreased. 
It is still easily possible to make out the ridge pattern although it is not quite as clear 
(but clearer than after developing with an immersion technique (see Sections 5.1 and 
5.2). The ink lines are more uniform in intensity than they were before development 
(the areas of overlap are less clear). However, by carrying out a contact transfer 
method there does not appear to be the same spreading of ink molecules/signal as 
there was with the previous samples (see Sections 5.1 and 5.2).
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Figure 5-7: Positive ion images of a fingerprint deposited on top of ink lines before 
being developed by 1,2-indandione contaet transfer and the same sample post­
development. Refer to Section 2.4.1 for experimental conditions.
When these images are treated by the new protocol the results are as follows: before 
development -  39.01, after development -  22.14. In order to understand whether this 
change is significant, the results from the repeating a previous sample (Donor 1C 
from Section 4.1.4) can be evaluated to give an indication of the variability of the 
procedure. The standard deviation of the two measurements of sample 1C (where a 
fingerprint was above an ink line) is 15.01. Therefore, the difference in the results 
before and after 1,2-indandione development is clearly less than two of these 
standard deviations, suggesting that at the 98% confidence level there is no 
significant difference between the samples. The limitation of this conclusion is that it 
is based on one sample repeated once. This suggests (in conjunction with the results 
shown in Section 5.3) that the process of contact transfer changes the sample in some 
way (although not with a significant difference) and means the protocol no longer 
correctly predicts the deposition order; it is likely that by applying heat with an iron 
(during the contact transfer process) that this is somehow changing the chemistry of
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the sample, perhaps by encouraging degradation/evaporation of the fingerprint or ink 
species or by encouraging mixing between the two. This is something which could 
be investigated further (in future research) by assessing the effect of heat on the 
chemistry of fingerprints.
Figure 5-8 shows the imaging results of analysing ink lines deposited on top of a 
fingerprint before and after development by 1,2-indandione contact transfer. Both 
sets of images show the non-normalised 38.97 (K) signal as this is the image that is 
used to create the mask for the new protocol. The normalised 38.97 signal is also 
shown as it sometimes provides a clearer image of the fingerprint ridge detail. Both 
the 358 and 372 signals are also shown to highlight the quality of the ink line; the 
image can often indicate the deposition order but not conclusively (as has been 
discussed previously).
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Figure 5-8: Positive ion images of ink lines deposited on top of a fingerprint before 
being developed with 1,2-indandione contact transfer and the same sample post­
development. Refer to Section 2.4.1 for experimental conditions.
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Before development the fingerprint ridge line quality is very good, it is possible to 
see some level of pore detail in the normalised 38.97 image. The ink lines {m/z 358 
and 372) are not that uniform in intensity however, the ink line appears to increase in 
overall intensity towards the bottom of the image, and at first this would suggest that 
perhaps the sample was not completely flat on the sample holder. However, because 
the fingerprint ridge images do not show this variation in intensity it is likely that the 
ink lines may be affected by some other influence {e.g. variations in the paper 
surface). The ink lines do show areas where the ink overlaps with the fingerprint, 
although this is not as clear as some of the other samples analysed in this study. After 
development the ink lines have become much more uniform in appearance, the areas 
of overlap are no longer as clear; the lines appear more “speckled” than before 
development. After development the fingerprint ridge images still appear very clear 
and defined, although they appear to have blurred by a very small amount, this could 
be due to the development process (contact transfer) or natural diffusion of the K 
across the surface of the paper, future work could investigate how a fingerprint 
behaves with age of the fingerprint.
When these images are treated by the new protocol the results are as follows: before 
development -  18.62, after development -  10.98. As with the previous samples, in 
order to understand whether this change is significant, the results fi*om the repeating 
a previous sample (Donor 1C from Section 4.1.4) can be evaluated to give an 
indication of the variability of the procedure. The standard deviation of the two 
measurements of sample 1C (when ink was on fingerprint) was 2.90. Therefore, the 
difference in the results before and after 1,2-indandione development is clearly more 
than two of these standard deviations, suggesting that at the 98% confidence level 
there is a significant difference between the samples. However, as with all of these 
samples, the limitation of this conclusion is that it is based on one previous repeat 
analysis. This suggests that the process of contaet transfer using 1,2-indandione may 
be changing the sample in some way; the change in protocol value is fairly easy to 
have predicted based on the images alone. The causes for the change could possibly 
be accounted for by analysing a different area of the sample compared to the before 
development area; it is possible that by applying heat with an iron (during the contact 
transfer proeess) that this somehow ehanges the chemistry of the sample, perhaps by
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encouraging degradation/evaporation of the fingerprint or ink species or by 
encouraging mixing between the two. This is something which could be investigated 
further (in future research) by assessing the effect of heat on the chemistry of 
fingerprints.
It would appear that the contact transfer method of development does not have a 
statistically significant effect on fingerprints that are deposited on top of ink lines 
(although this requires further analysis); by heating the sample there could be some 
change to the fingerprint chemistry present. Before development it was possible to 
determine that the fingerprint was above the ink but after development this was no 
longer the ease. Samples where the ink is on top of the fingerprint do appear to be 
affected (by a statistical amount), the protocol value has decreased (although without 
further testing this is hard to be 100% certain). The contact transfer method does not 
appear to significantly change the quality of the images produced, but this is difficult 
to assess without analysing more samples and looking at other signals coming fi*om 
the fingerprint (an area for future investigation).
5.5 The Effect of Cyanoacrylate (Superglue) Fuming
Figure 5-9 shows the results of analysing a fingerprint deposited on top of ink lines 
before and after development by cyanoacrylate fuming. Before development the 
fingerprint ridge line quality is very good, pore detail is very clear in the normalised 
38.97 image. The ink lines {m/z 358 and 372) show it is reasonably clear to see the 
areas where the ink overlaps with the fingerprint; the ink lines appear non-uniform 
and “striped” in their appearanee. When comparing these images with the after 
development images, the quality of the ridge detail remains roughly the same, the 
normalised 38.97 image appears brighter after development than before 
development, and the level of pore detail visible remains constant. The ink lines are 
less uniform in intensity than they were before development (the areas of overlap are 
slightly clearer). The overall intensity of the ink lines has decreased significantly 
though. One cause of this could be because the cyanoacrylate development process 
relies on the cyanoaerylate polymerising in areas where moisture is present; the areas 
where fingerprint residue is present, is likely to contain higher levels of moisture
113
Chapter 5. The Effect o f Chemical Developers on the Modified Protocol
than areas with the ink and paper substrate alone. This would aeeount for the 
deereased ink signals in areas where the fingerprint and ink overlap, eompared to 
where the ink alone is located. However, the areas of the paper where only the ink is 
found is still likely to eontain moisture (paper is porous) and therefore there will 
probably be some degree of eyanoacrylate polymerisation taking place, this then 
aeeounts for the overall ink images being deereased in intensity.
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Figure 5-9: Positive ion images of a fingerprint deposited on top of ink lines before 
being developed by cyanoacrylate fuming and the same sample post-development.
Refer to Section 2.4.1 for experimental conditions.
When these images are treated by the new protocol the results are as follows: before 
development -  21.02, after development -  58.78. In order to understand whether this 
change is significant, the results from the repeating a previous sample (Donor 1C 
from Section 4.1.4) were evaluated to give an indication of the variability of the 
procedure. The standard deviation of the two measurements of sample 1C (where a 
fingerprint was above an ink line) was 15.01. Therefore the difference in the results 
before and after cyanoaerylate fuming development is more than two of these
114
Chapter 5. The Effect o f  Chemical Developers on the Modified Protocol
standard deviations, suggesting that at the 98% confidence level there is a significant 
difference between the samples. However, the limitation of this conclusion is that it 
is based on one sample repeated onee. This suggests that the process of 
cyanoacrylate fuming has a statistically significant positive effect on the ability of 
the modified protocol to correctly predict the deposition order of overlapping 
fingerprints and inks. This experiment should definitely be replicated, especially 
since before development the sample produced an inconclusive result. One hurdle 
that must be overcome is that cyanoacrylate fuming does not produce visible 
fingerprints on light coloured substrates (polycyanoacrylate is a white polymer). 
Typically cyanoacrylate fuming is carried out on non-porous objects and then a dye 
{e.g. basic yellow 40) is applied (staining the polycyanoacrylate) and the excess is 
washed off. Finally the developed fingerprints are visualised under laser light at 385- 
469 nm [135]. These steps would not be suitable on a paper substrate however as the 
basic yellow 40 (which is used to stain the polycyanoacrylate) would be absorbed 
into the paper substrate and not be able to be washed off so when the sample is 
viewed under laser light, the resulting images would be useless. This means 
therefore, that another method of visualising polycyanoaerylate on a paper substrate 
must be used or developed.
Figure 5-10 shows the results of analysing ink lines deposited on top of a fingerprint 
before and after development by cyanoacrylate fuming. Before development the 
fingerprint ridge line quality is quite good: the fingerprint itself appears to be a little 
smudged but there is good contrast between the fingerprint and substrate. It is 
possible to see some level of pore detail in the normalised 38.97 image. The ink lines 
{m/z 358 and 372) are not that uniform in intensity however, the ink line appears to 
vary in overall intensity across the whole of the image, and at first this would suggest 
that perhaps the sample was not completely flat on the sample holder. It is likely that 
the cause of the fluetuation in intensity could be related to changes in the substrate 
surface, which then might affect the emission of the ink ions. It is possible to make 
out the areas where fingerprint and ink overlap although it is not obvious; the lines 
have a greater intensity in areas where the ink does not overlap with the fingerprint. 
After development the ink lines have beeome much less uniform in appearance, the 
areas of overlap are now clearer, almost to the extent that the areas where fingerprint
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and ink overlap are barely distinguishable from the substrate. This would suggest that 
the cyanoaerylate fuming process is affecting the sample in some way to prevent ink 
molecules that are found in the same region as fingerprint molecules to be detected. 
One reason for this could be that the ink and fingerprint are mixing and (in a similar 
way to the fingerprint on ink sample) the eyanoacrylate is polymerising to a greater 
degree in areas where the fingerprint is found and therefore creating a thicker layer 
of the polyeyanoacrylate polymer. This thicker layer would then prevent the ink ions 
from being emitted and deteeted.
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Figure 5-10: Positive ion images of ink lines deposited on top of a fingerprint before 
being developed with cyanoacrylate fuming and the same sample post-development. 
Refer to Section 2.4.1 for experimental conditions.
When these images are treated by the new protocol the results are as follows: before 
development -  15.75, after development -  56.48. However, when using the protocol 
the number of pixels in the areas where and ink and fingerprint overlap is less than 
1000, which means that the protocol would not be able to be applied to this sample.
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A closer examination of the images used in the protocol shows what is actually 
taking place. Figure 5-1 IB shows that the ink signal in areas where the fingerprint 
and ink do not overlap is quite bright. Figure 5-11A shows that the areas where 
fingerprint and ink overlap appear dark. The reason they appear dark is not because 
the mask is of poor quality, Figure 5-1 ID shows that the ridge detail is clear and so it 
is not the fingerprint ridge mask causing an excessive level of masking of the ink 
signal (opposed to other samples analysed in this chapter). The ink signal in areas 
where ink overlaps with fingerprint is naturally quite low and this is evident from 
Figure 5-11C. The cause of this is most likely to be because of the development 
process using eyanoacrylate. Further testing of this is needed to say with more 
confidence that this is definitely the case and to investigate whether it happens every 
time.
Figure 5-11: Images showing (A) areas of the ink which overlap with fingerprint (B) 
areas of the ink which do not overlap with the fingerprint (C) the original ink signal 
(D) the mask used to create image A (E) the mask used to create image B and (F) the
original fingerprint ridge pattern.
It is difficult to draw firm conclusions of the cyanoaerylate fuming process on 
determining the deposition order. It would appear that the cyanoacrylate fuming 
process enhances the protocol’s effectiveness when a fingerprint is above ink; this
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conclusion is based on the fact that when a fingerprint is on top of ink and developed 
by eyanoacrylate fuming the protocol value moves from inconclusive to positive (by 
a statistically significant amount). However, when the ink is on the fingerprint the 
minimum number of pixels required (1000) in the image showing where ink and 
fingerprint overlap was not reached. This meant the sample could not be used for the 
protocol and that another area would need to be selected.
5.6 Summary
This chapter has shown that when samples involving a fingerprint overlapping with 
ink are chemically developed (using techniques currently in use by forensic 
investigators [14]) the ability to determine which was laid down first has been 
affected. Figure 5-12 shows how the samples can be changed from before being 
developed to afterwards. Samples circled in green are those which do not meet the 
criteria required for the analysis using the modified protocol -  i.e. do not have a 
minimum of 1000 pixels in the mask where the ink and fingerprint overlap.
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Figure 5-12: Results to show the how chemical development has affected each 
overlapping fingerprint and ink sample, comparing the protocol value for each 
sample before and after development.
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It appears that ninhydrin immersion is detrimental to the protocol outlined in Section 
4 in correctly predicting the deposition order of overlapping fingerprints and inks. In 
some samples however, the chemical development process appears to have had a 
positive effect (not necessarily with a statistical difference however) on the protocol 
e.g. DFO immersion. The results presented in this section are important because it 
would indicate that DFO immersion could be used preferentially over ninhydrin 
when investigating questioned documents. Ninhydrin immersion is detrimental to 
determining the deposition order whereas DFO immersion appears to aid in the 
investigation. This conclusion could affect which order forensic investigators use 
different chemical development teehniques to analyse evidence; currently it is 
common practice for forensic investigators to use more than one technique to 
develop fingerprints (although in a specific order [14]), the results could affect the 
order in whieh they are used. However, this would need to be investigated further 
(by analysing a greater number of samples) in order determine if these results are 
repeatable or if they are a one-off.
Unfortunately due to the lack of samples able to be analysed with developers it is not 
possible to have more confidence in the results presented in this section. It is strongly 
recommended that these experiments are repeated, with more donors to fully 
understand the effect that chemical developers have on the protocol to correctly 
predict the deposition order of overlapping fingerprint and inks.
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Chapter 6
Chapter 6 is concerned with the impact that low pressure systems (such as those used 
in keV-time-of-flight-secondary ion mass spectrometry (ToF-SIMS) have on the 
chemistry of fingerprints.
6 The Effect of Low Pressure Systems on 
Fingerprint Chemistry
The results presented in this section contribute towards the objective of determining 
whether teehniques utilising vaeuum technology changes the chemistry of 
fingerprints. By subjecting fingerprints to different pressures and investigating either 
the mass change or the chemical changes of the fingerprint, it was possible to 
understand the effect of low pressure systems. Low pressure systems are required in 
a number of analytical techniques such as ToF-SIMS (see Section 2.4 for more 
details).
6.1 Investigation of Potential Mass Change
This seetion presents results of utilising quartz crystal microbalances (QCMs) to 
determine whether or not fingerprints lose mass when they are subjected to different 
pressure systems (see Section 1.1).
6.1.1 Blank quartz crystal microbalance samples
In order to establish the effect of low pressure systems on fingerprints using a QCM, 
the effect that low pressure systems (2xl0‘^  Torr) have on blank QCMs must first be 
established. It might be that it is the QCM that is affected, not the fingerprint. This 
was investigated by subjecting three QCM crystals (that were later used for 
fingerprint experiments) to the vacuum system at the lowest available pressure (2x10' 
 ^Torr) for one hour to determine the stability of the crystals, this was repeated three 
times. Figure 6-1 shows the results of this experiment.
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Figure 6-1 shows how the frequency of the QCM does not appreciably change after it 
is removed from the vacuum chamber (post-vacuum analysis) compared to before it 
was subjected to the vacuum chamber (pre-vacuum analysis). Across the three 
crystals (1-3) and three repeat analyses (A-C) the mean frequeney ehange was -1 Hz 
with a standard deviation of 6.33 Hz. This suggests an extremely small mass 
increase, but this is negligible in comparison to the expeeted frequency ehange when 
analysing a fingerprint. This data suggests that the QCM is stable in this low pressure 
system and that there is no mass loss or gain attributed to the crystal.
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Figure 6-1: A chart showing how a blank quartz crystal microbalance (QCM) is 
affected by a low pressure system. Results from analysing three QCMs (crystals 1-3),
three times each (replicates A-C).
6.1.2 The effect of low pressure systems (2x10'  ^Torr) on fingerprint mass
In order to establish how a low pressure system/vacuum chamber affects the mass of 
a fingerprint the following procedure was carried out. The frequencies of three clean 
QCMs (blank crystals) were measured before and after deposition of a fingerprint 
(pre-vacuum analysis), in order to identify the change in mass originating from 
fingerprint. Each QCM was placed in a vacuum chamber for one hour at 2x10'^ Torr.
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After removal from the vacuum chamber the frequency was re-recorded (post­
vacuum analysis) to determine its effects, the results of which are shown in Figure 
6-2. This was repeated three times (replicates A to C) for each crystal (1-3). Figure 
6-2 shows that the inherent frequency (blank crystal) of each QCM does not change 
between replicates which demonstrates good stability and that the cleaning process 
between each run was satisfactory.
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Figure 6-2: A chart showing the mass changes exhibited by a quartz crystal 
microbalance (QCM) when a fingerprint is deposited on the surface and then 
subjected to a low pressure system. Results from analysing three QCMs (crystals 1-
3), three times each (replicates A-C).
It is clearly evident that with the deposition of a fingerprint on the QCM there is a 
decrease in the frequency which implies a mass increase on the surface of the crystal. 
This is expected as there are now organic and inorganic species on the surface. The 
change in frequency from the blank crystal to pre-vacuum analysis is not the same 
for all samples. This suggests that the mass deposited was not the same on all 
crystals. However, this is expected as difficulties in depositing a reproducible 
fingerprint are well-known (see Section 1.1). After the QCM was subjected to the 
vacuum chamber it was found that there was a mass decrease (the frequency of the 
QCM was higher than before it was subjected to the low pressure). This means that
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the fingerprint has lost some of its mass to the vacuum chamber system. 
Unfortunately due to the nature of the technique it is not possible to identify what 
possible chemicals have been removed in the system. However, because of the 
magnitude of the frequency change, the fingerprint on average lost 26% of the mass 
whilst in the vacuum chamber (with a range of 19-34%). This is an important fact as 
this shows that fingerprints lose chemical species when subjected to low pressure 
systems (such as vacuum chambers). Vacuum metal deposition (VMD) is typically 
carried out at 3.75 x 10’"^ Torr (5 x 10'"^  mbar) [136], suggesting that the process of 
VMD is likely to be removing some mass from the fingerprint before it can be 
developed.
6.1.3 The effect of medium-low pressure systems (2x10’^  Torr) on fingerprint 
mass
A further experiment was carried out to investigate at what pressure fingerprints start 
to lose mass. Owing to equipment limitations it was only possible to test two further 
pressure levels (the results of the highest pressure are presented in Section 6.1.4). 
The experiment was carried out in the same manner as described in Section 6.1.2 
except that the pressure was now 2x10'^ Torr (medium-low) instead of 2x10'^ Torr 
(low). The results are shown in Figure 6-3. Figure 6-3 shows similar results to those 
in Figure 6-2, except that the blank crystal frequency for crystal 3 does not always 
return to its original frequency. On visually examining the crystal after the second 
analysis it appeared some of the gold coating had been removed and this would 
account for the decrease in mass exhibited by the crystal. For all three crystals and 
replicates, when a fingerprint was deposited there was a mass increase (as expected). 
When the fingerprints were subjected to the vacuum chamber for one hour at 2x10'^ 
Torr (medium-low), then removed and re-recorded, there was a mass decrease. This 
time the fingerprints lost on average 20% of the original mass (with a range of 9- 
33%). This is important because it suggests that lower pressures remove more mass 
from a fingerprint. Also at medium-low pressures the fingerprint has lost a 
significant amount of mass possibly due to the removal of chemical species. These 
chemical changes might affect subsequent analyses or development by reagents.
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Figure 6-3: A chart showing the mass changes exhibited by a quartz crystal 
microbalance (QCM) when a fingerprint is deposited on the surface and then 
subjected to a medium-low pressure system. Results from analysing three QCMs 
(crystals 1-3), three times each (replicates A-C).
6.1.4 The effect of medium pressure systems (2x10'  ^Torr) on fingerprint mass
In order to investigate the effect of a medium pressure vacuum system a different 
vacuum chamber (to the one used in Sections 6.1.1, 6.1.2 and 6.1.3) was utilised. The 
3^  ^pressure system consisted of a chamber with a turbo pump (backed by a rotary 
pump) (see Section 2.8). The difference in this experiment was that the rotary pump 
did not have a trap to prevent oil backstreaming. As the chamber was different to the 
previous two experiments one of the crystals was used as a control sample, that is, no 
fingerprint was deposited on the surface. The control samples were subjected to the 
medium pressure system (2x10'^ Torr) in the same way as the crystals that had a 
fingerprint deposited on the surface.
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Figure 6-4: A chart showing the mass changes exhibited by a quartz crystal 
microbalance (QCM) when a fingerprint is deposited on the surface and then 
subjected to a “medium” pressure system.
Figure 6-4 shows the results from this experiment; crystal 3 (shades of green) was 
used as the control samples whilst crystals 1 and 2 (shades of blue and red, 
respectively) were used for analysing fingerprints. The results show that when a 
fingerprint is first deposited on crystals 1 and 2 there is a frequency decrease 
(relating to the mass increase from the fingerprint material). But once the crystals 
had been subjected to a vacuum chamber (with the different type of pump) the 
frequency of the crystals had decreased further. This implies that there has been an 
increase in mass on the QCM surface. Furthermore, this also occurred in the control 
samples. It has been shown from previous experiments (see Sections 6.1.1, 6.1.2 and 
6.1.3) that the QCM crystals are stable in low pressure systems. This suggests that 
the vacuum chamber is somehow depositing some form of material on the surface of 
the crystals and therefore ‘contaminating’ the fingerprints. The source of the 
contamination is likely to originate from the untrapped rotary pump. It is proposed 
that lubricating oil from the pump is likely to have entered the vacuum chamber and 
deposited on the QCM surface. This is an important discovery to have made as it 
means different types of vacuum chambers can either remove/or add chemical 
species from a sample. ‘Contamination’ of samples in a forensic environment must
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be avoided at all costs, any contamination could cause confusion of results generated 
in further analyses.
6.1.5 The effect of ambient ageing on the mass of fingerprints
In previous sections (6.1.2 and 6.1.3) it has been reported that fingerprints can lose 
between 20-26% of mass when subjected to a low pressure system (by placing in a 
vacuum chamber). This mass loss suggests that vacuum chambers are potentially 
causing fingerprint to artificially age. This could be detrimental in a forensic 
investigation. To put these results into some context it is important to evaluate how 
the mass of a fingerprint changes if subjected to ambient conditions (as would likely 
occur in a forensic investigation).
In order to examine this, a fingerprint was deposited on each of two QCMs (a third 
crystal was left blank as a control). The frequency of each crystal was measured at 
varying time intervals (for a period of 910 hours) in order to establish what % loss 
(or gain) the fingerprints exhibited. Figure 6-5 shows the results of this experiment.
Figure 6-5 shows that during the first 48 hours after deposition a fingerprint loses 
between 1-3% of its mass. The mass of the fingerprints on both crystals did not 
change significantly before 48 hours. From 48 hours to 288 hours ageing, there was 
mass loss from the fingerprints, as expected. At 480 hours, crystal 2 appeared to 
exhibit a mass gain, but the next measurement at 744 hours indicates ftirther mass 
was lost. The blank crystal did not have a fingerprint deposited on the surface and so 
it was not possible to calculate a % mass change. However, the individual data points 
suggested a very small mass gain, this could be attributed to moisture from the air 
forming on the surface (see Appendix 1).
The overall trend of the results indicate that when fingerprints are stored in natural 
light conditions under ambient conditions it takes approximately 30 days for the % 
mass lost to be comparable to that lost in a vacuum chamber. In other words, vacuum 
chambers can artificially age fresh fingerprints to make them appear 30 days older 
than they actually are. It is not yet known what the origin of mass loss actually is (it 
is likely to be volatile species within the fingerprint evaporating from the fingerprint 
residue).
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Figure 6-5: A chart showing the % mass changes exhibited by two quartz crystal 
microbalances (QCMs) when a fingerprint is deposited on the surface and then 
subjected to ambient conditions stored in normal lighting conditions.
Further work is required to determine what potential species are being removed from 
the fingerprint and whether these species are removed completely (which could be 
very detrimental to a forensic investigation), or if the concentration is only slightly 
decreased.
6.2 Investigation of Potential Chemical Change Using Attenuated 
Total Reflection -  Fourier Transform Infra-Red (ATR-FTIR) 
Spectroscopy
Section 6.2 presents results of utilising attenuated total reflection -  Fourier transfomi 
infra-red (ATR-FTIR) spectroscopy in order to investigate whether there is a change 
in fingerprint chemistry when fingerprints are subjected to a vacuum chamber (a low 
pressure system). For this investigation aluminium foil was used as a deposition 
substrate for the fingerprints (see Section 2.7).
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6.2.1 The effect of low pressure systems (2x10'  ^ Torr) on the chemistry of 
fingerprints
In order to establish how a low pressure/vacuum system affects the chemistry of a 
fingerprint, 3 fingerprints were deposited on aluminium foil. Each fingerprint was 
analysed by ATR-FTIR and then placed into a vacuum chamber for one hour at a 
pressure of 2x10'^ Torr (low pressure). After one hour the fingerprints were removed 
from the chamber and re-analysed as soon as possible (approximately 10 minutes 
after removal from the chamber). Figure 6-6 shows the results of subjecting 
fingerprints to a low pressure system (2x10'^ Torr). The data is presented as pre- and 
post-vacuum samples and are plotted on different vertical axes in order to make it 
easier to see intensity changes.
Figure 6-6 shows that the signal generated from fresh fingerprints on aluminium foil 
was of low intensity and that there was quite a low signal-to-noise ratio. However, in 
all 3 analysed fingerprint samples it was still possible to see multiple peaks. These 
peaks have been tentatively assigned as shown in Table 10.
Samples 1 and 2 (Figure 6-6A and Figure 6-6B, respectively) showed that from pre- 
to post-vacuum there is a decrease in signal intensity in all peaks other than the peak 
at 2320-2350 cm '\ In this set of samples pre-vacuum analysis showed that the peak 
at 2320-2350 cm'^ was barely detectable. It is suggested that this peak was added to 
the sample by the vacuum system. Unfortunately, it is not possible to identify this 
chemical (although the literature suggests a possible P containing species [137]). 
Further analysis using gas chromatography -  mass spectrometry might provide 
further information.
Sample 3 (Figure 6-6C) shows an increase in signal intensity after being subjected to 
low pressure system (2x10'^ Torr), which was not expected. It is not understood how 
this result was generated, the fingerprints were prepared in order to maintain uniform 
concentration across the print (see Section 2.1). The results suggest this is not the 
case, however the other samples behave as expected. It is suggested that the results 
of Sample 3 (Figure 6-6C) should be considered a random error and ignored.
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Figure 6-6: Attenuated total reflection -  Fourier transform infra-red spectra of 
fingerprints subjected to a low pressure system (2x10'^ Torr).
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Table 10: Tentative assignment of wavenumbers (cm‘ )^ for fingerprints deposited on 
aluminium foil. Analysis by attenuated total reflection -  Fourier transform infra-red 
spectroscopy. Adapted from [138] and [137].
W a v e n u m b e r  ( c m '^) A s sig n m e n t
3300 -OH(water), or -NH (amine)
2910-2912 -CHs (methyl C-H stretch)
2845-2855 -CH3 (methylene C-H stretch)
1740 -C = 0 stretch, saturated ester
1615-1560 -N -H  bend combined with C-N stretch
1615-1560 -C = 0  stretch
1440 -CH2 scissors
6.2.2 T h e  e ffec t o f  m e d iu m -lo w  p re s s u r e  sy s tem s (2x10'^ T o r r )  o n  th e  
c h e m is try  o f  f in g e rp r in ts
The experiment carried out in Section 6.2.1 was repeated using a medium-low 
pressure system (2x10'^ Torr), but in the same vacuum chamber. This was to 
determine at what pressure different chemical species were removed from the 
fingerprint. Figure 6-7 shows the results of subjecting the fingeiprints to a medium- 
low pressure system (2x10'^ Torr). Pre- and post-vacuum samples are plotted on 
different vertical axes in order to make it easier to see intensity changes.
Figure 6-7 shows that the signals generated from this set of fingerprints on 
aluminium foil provides a lower intensity than the results reported in Figure 6-6. 
However, in all three analysed fingerprints it was possible to see multiple peaks and 
these were tentatively assigned as shown in Table 10. Figure 6-7 shows that the 
signal generated from fresh fingerprints on aluminium foil was of low intensity and 
that there was quite a low signal-to-noise ratio.
In Figure 6-7, Sample 1 (Figure 6-7A) showed the least change from pre- to post­
vacuum, although the peaks at 2910-2912 cm'^ and 2845-2855 cm'^ decreased 
slightly in intensity. This indicates that perhaps some of the organic material in the
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sample was lost. A peak at 3300 cm'^ (corresponding to -OH, from water), was 
detected in some of the samples (Figure 6-7 A and B). This peak appeared to have a 
lower intensity in the post-vacuum samples, indicating that water was removed from 
the sample after exposure to vacuum. In all samples, there was a peak present at 
2320-2350 cm'^ (tentatively assigned as containing phosphorous) which appears to 
increase in intensity post-vacuum. This suggests that the vacuum system was 
contributing to the intensity increase. However, the results reported in Section 6.1.3 
indicate that this vacuum chamber and pressure did not increase the mass. It is likely 
therefore, that the QCM analysis was not able to show the increase in mass of this 
molecule because of the (overall greater) reduction in mass by other molecules, e.g. 
water or perhaps some volatile organic compounds, as indicated by the results shown 
in Figure 6-7.
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Figure 6-7: Attenuated total reflection -  Fourier transform infra-red spectra of 
fingerprints subjected to a medium-low pressure system (2x10'^ Torr).
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6.3 Investigation of Potential Chemical Change Using Gas 
Chromatography -  Mass Spectrometry (GC-MS)
From the results presented in Sections 6.1 and 6.2, it was proposed to investigate the 
potential chemical change in fingerprints utilising gas chromatography -  mass 
spectrometry (GC-MS). GC-MS analysis would hope to identify what volatile 
compounds are being lost when a fingerprint is subjected to a vacuum chamber. The 
experiments were carried out (under the author’s direction) by Terry Willson 
(undergraduate student, University of Surrey).
6.3.1 Method
Fingerprint preparation
Initial experiments suggested that the fingerprint preparation protocol described in 
Section 2.1 was not suitable for GC-MS analysis. Therefore, a slightly different 
protocol was carried out. In order to prepare one fingerprint sample for analysis, the 
following procedure was carried out:
• The donor washed their forehead with soap and warm water, then dried with 
paper towels.
• After 30 minutes the donor washed their hands, dried with paper towels and 
then put their hands in polyethylene gloves for another 30 minutes.
• Fingertips were rubbed across the forehead and hands were then lightly 
rubbed together to produce ‘homogenous’ fingerprints.
For deposition, glass microscope slides (cleaned with chloroform) were placed on a 
balance and fingertips were pressed onto the substrate using - I O N  force (measured 
as ~1 kg on the balance). A fingerprint from each finger of one hand was deposited 
onto the substrate twice. A control sample was taken by replicating this procedure 
using the other hand (giving a total of ten fingerprints per sample).
When the sample was ready to be analysed, it was placed in a glass vial and covered 
with chloroform. The sample was agitated for 30 minutes. The glass slide was
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removed and the chloroform was evaporated to complete dryness under nitrogen gas. 
A 100 pi aliquot of ethyl acetate was added to the dried residue, the liquid was then 
removed and placed into a GC vial. 1% dodecane (dissolved in ethyl acetate) (5 pi) 
and N,0-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (25 pi ) was then added. 
The vial was sealed and placed in an oven at 90° C for 30 minutes. The vial was 
allowed to cool to room temperature and then injected into the GC-MS instrument. In 
these experiments two donors prepared two sets of samples each, resulting in four 
sets in total. Each set had two samples, the control sample (not subjected to the 
vacuum system) and the vacuum sample (subjected to 2x10'^ Torr vacuum for ~1 
hour).
Instrument Parameters
Samples were analysed on an Agilent Technolgies 7890A gas chromatography 
instrument with a 5975C mass spectrometer detector. Aliquots were (1 pi) injected 
on to a 5HP-MS fused silica capillary column (30 m x 0.25 mm internal diameter) in 
split mode at 15:1 at 15 ml/min. The column had an initial temperature of 50° C 
which was increased to 310° C at a rate of 10 K/min, the total run time was 35 
minutes. The carrier gas was helium (flow rate 1 ml/min) and there was a solvent 
delay of 4 minutes.
6.3.2 Results
The results of GC-MS analysis of fingerprints subjected to a vacuum chamber are 
reported in Figure 6-8. The relative abundances of each species for each sample are 
presented in a table beneath the graph. Figure 6-8 shows that there is a large decrease 
in the relative abundances of the species tetradecanoic acid, pentadecanoic acid, 
hexadecanoic acid, ^raw.s-9-octadecanoic acid and squalene. This indicates that the 
low pressure system either removes these species from the sample or causes a change 
in the chemical composition so that there is a change from the original abundance. In 
either case, these results corroborate those presented in Section 6.2. That is, there is a 
change in the chemistry of fingerprints when subjected to low pressure systems 
(vacuum chambers). The abundance of dodecanoic acid is very small before 
exposure to the vacuum chamber (relative abundance <0.0034) and therefore, there is
134
Chapter 6. The Effect o f  Low Pressure Systems on Fingerprint Chemistiy
not much change in the relative abundance after subjection to the low pressure 
system. Octadecanoic acid appears to have increased in abundance. This could 
support the identification of a contaminant that was first detected by ATR-FTIR and 
QCM analysis (Sections 6.1.4 and 6.2). However, it is in such small amounts that 
further research would be needed in order to confirm these findings.
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Figure 6-8: Relative abundances (determined by gas chromatography - mass 
spectrometry (GC-MS)) of organic molecules found in fingerprints before and after 
being subjected to a vacuum chamber (pressure of 2x10’^  Torr). Hexadecanoic acid 
and squalene are plotted on a secondary axis to effectively show the change in 
relative abundances across all species.
6.4 Summary
Chapter 6 was concerned with the effect of subjecting fingerprints to vacuum 
chambers, in relation to the mass and chemical composition. The results presented in 
this section have shown that vacuum chambers have the ability to remove as much as 
34% mass from fingerprints. This is of importance because some current analytical 
techniques rely on low pressure systems/vacuum chambers in order for analyses to 
be carried out (see Section 2.4). These results suggest it would be beneficial to
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develop high pressure systems in order to carry out analyses in order to detect all 
chemical species present in a sample.
The results of ATR-FTIR analysis show that all but one sample subjected to the 
vacuum system had a decrease in signal intensity with respect to the species 
identified in Table 10. The one sample which did not have a decrease in signal was 
likely to be due to a random error. Further replicates of these experiments would 
probably not produce the same random error. The A1 foil substrate upon which the 
fingerprints were deposited does not appear to produce good results (despite being 
used by other authors [82]). The A1 foil does not produce any peaks (it was 
effectively infra-red inert), but the lack of signal strength from the fingerprint 
suggests that minimal fingerprint residue was deposited and held on the foil surface 
for analysis. If future analyses are carried out it is suggested a different substrate 
should be used. That is, one that is infi*a-red inert but has the ability to produce a 
greater concentration of fingerprint chemicals. This will potentially allow for more 
species to be identified and with more certainty. If the signals are stronger, then it 
should improve the signal-to-noise ratio.
The results of GC-MS analysis has shown that organic compounds found in the 
fingerprint (tetradecanoic acid, pentadecanoic acid, hexadecanoic acid, trans-9- 
octadecanoic acid and squalene) decreased in relative abundance (see Figure 6-8) 
after they had been subjected to a vacuum chamber. If this experiment was repeated 
using more samples, then it might prove that vacuum chambers have a detrimental 
effect on fingerprint chemistry. It is recommended therefore, that forensic 
investigators: (1) use techniques requiring vacuum chambers, that is ToF-SlMS and 
vacuum metal deposition as a last step in the analysis procedure; or (2) carry out 
analyses with high energy secondary ion mass spectrometry (MeV SIMS), which 
does not require a vacuum chamber.
This section has also shown that some vacuum chambers can in fact add mass to a 
sample in the form of contamination. Investigators therefore, must check what type 
of vacuum pump is being used in their vacuum chambers to avoid contaminating 
samples with pump oil.
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Chapter 7
Chapter 7 provides the reader with conclusions to the work presented in this thesis. 
Establishing whether the objectives outlined in Section 1.5 have been met and how 
the developments and results have contributed to forensic science. Chapter 7 also 
describes the areas that should be looked at for future work as there are many 
opportunities that were not able to be investigated in this research.
7 Conclusions and Future Work
7.1 Conclusions
When this research was first undertaken there had been a large number of articles 
published on the subject of fingerprint and ink analysis (see Section 1.2). Only a 
handful of these were concerned with investigating what happens when fingerprints 
and inks overlap. The aim of this research was to establish whether keV-time-of- 
flight-secondary ion mass spectrometry (ToF-SlMS) would be able to determine the 
deposition order of overlapping fingerprints and inks on suspect documents. ToF- 
SIMS was chosen as one is located at the University of Surrey, has imaging 
capability, samples require minimal preparation and has been used for many years 
for surface analysis of different types of samples (see Section 1.2.1.2).
Chapter 3 showed the development of a protocol that could be used for this purpose
[134]. The protocol investigated the variation in intensity of line scans taken from the 
signal generated by ink molecules which overlapped with fingerprints (see Section 
3.6). If the standard deviation of the intensity reached a certain threshold (23.5) then 
the ink was deemed to be beneath a fingerprint. Based on the data that were collected 
at the time it appeared that the protocol worked well (see Figure 3-15). However, the 
limitation of this study was that not enough samples were originally analysed 
(number = 7) in order to be confident in the results.
Chapter 4 examined the protocol proposed in Chapter 3 by testing more samples 
(number = 10); it soon became clear that the protocol was not robust enough for use
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by forensic investigators (see Section 4). Chapter 4 then reported how the protocol 
was modified and developed in order to make its use viable (see Section 4.1.3). The 
improved protocol made use of all of the image data generated by ToF-SlMS 
analysis (as opposed to line scans in the first protocol) and so confident conclusions 
could be drawn from the results (as more data points were being used). There was 
still a matter of forensic investigators being able to apply this protocol to real-life 
cases. However, the protocol had not been tested on chemically developed samples. 
In order to locate and visualise fingerprints using ToF-SlMS, evidence suspected of 
containing latent fingerprints are first chemically treated in order to visualise them. 
This process of development could affect the chemistry of the sample and therefore 
have an impact on the protocol. That is, the solvents or chemicals in the development 
reagent could potentially encourage the movement (removal or mixing) of the 
fingerprint and ink constituents.
Chapter 5 investigated the effect of chemical development. The interesting results 
showed that some chemical developers {e.g. ninhydrin) had a very negative impact 
on the protocol. Whilst the protocol did not produce a false positive, the deposition 
order could not be determined (Section 5.1). It appeared to change the chemistry of 
the sample so much that the protocol was not able to be applied. However, a 
limitation of this conclusion is that the number of samples upon which the protocol 
has been tested was small. Each chemical developer that was investigated was tested 
on just one fingerprint on ink sample and one ink on fingerprint sample (this is 
discussed further in Section 7.2). Some of the chemical developers however may 
have had a positive impact on the protocol {e.g. l,2-Diazafluoren-9-one (DEO) 
immersion). Further testing would examine whether these developers can aid in 
correctly predicting the deposition order of overlapping fingerprints and inks, 
therefore proving to be very useful to forensic investigators. This is something which 
cannot currently be done without subjectivity [54] or on aged fingerprints [27].
It is well known that whilst ToF-SIMS is theoretically destructive, the analysis does 
not result in any appreciably visible damage to samples. In order to carry out ToF- 
SIMS the sample must be placed into a high vacuum chamber (low pressure system). 
An alternative technique that is currently under construction is high energy -  
secondary ion mass spectrometry (MeV SIMS), which works in a similar way to
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ToF-SIMS but without the requirement for placing a sample in vacuum [57]. As was 
established in Section 1.1, there is no published work on the effect that low pressure 
systems have on the chemistry of fingerprints. This prompted an investigation into 
how low pressure systems (such as vacuum chambers) might change the chemistry of 
the fingerprint, which could affect subsequent analyses.
Chapter 6 reported how fingerprints can lose 20-26% (on average, depending on the 
exact pressure) of their mass when subjected to low pressure systems, such as the 
vacuum chambers used in ToF-SIMS analysis. The results of attenuated total 
reflectance -  Fourier transform infra-red (ATR-FTIR) analysis in Chapter 6 
suggested that water and organic chemical species are reduced in concentration when 
subjected to a vacuum chamber. It was also found that some vacuum chambers will 
actually deposit mass (predicted to be in the form of exogenous chemicals) onto the 
sample. This proves for the first time in a research study that the chemistry of 
fingerprints can be changed when they are subjected to low pressure systems. One of 
the golden rules of forensic investigation is to not change the sample as far as is 
reasonably possible. The results of these experiments indicate that non-vacuum 
utilising technologies and techniques {e.g. high energy secondary ion mass 
spectrometry (MeV-SIMS)) should be developed for the use of forensic fingerprint 
analysis.
A preliminary investigation under my direction was carried out using gas 
chromatography -  mass spectrometry (Section 6.3). The aim was to identify what 
chemicals are lost to vacuum chambers (this was further to the work presented in 
Section 6.2). The results of the preliminary experiments showed that fingerprint 
constituents: tetradecanoic acid, pentadecanoic acid, hexadecanoic acid, trans-9- 
octadecanoic acid and squalene were all found to have decreased in their abundance 
(in the fingerprint) after subjection to a vacuum chamber. There was an indication 
from the GC-MS analysis that octadecanoic acid could be introduced to the sample 
as exogenous material. Section 6.2 reported that ATR-FTIR analysis of fingerprints 
subjected to vacuum chambers indicated that an exogenous material was deposited 
on the sample. The results from ATR-FTIR however, suggested the exogenous 
material contained phosphorous. The experiments utilising GC-MS and ATR-FTIR
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analysis were not extensive and so the identification of the exogenous material 
cannot be confirmed without further investigation.
7.2 Future Work
This research has led to various areas which need further development, some of these 
developments are as simple as requiring more samples to be analysed, whereas others 
will need more sophisticated experiments.
Chapter 4 presented a protocol that is robust in correctly predicting the deposition 
order of overlapping undeveloped fingerprints and inks. Chapter 5 presented some 
early experiments on the effect that chemical developers have on the developed 
protocol. Unfortunately, not many samples were able to be tested (Section 5.6). This 
is because each individual analysis takes 3 hours of equipment time and access to the 
equipment is expensive. However, the analysis time can be reduced by a factor of 
three by acquiring a new computer for the analysis lab, which would be of significant 
benefit to future investigations. Further work is vital in investigating the effect of 
development reagents, as without fully understanding how the chemical developers 
change the samples’ chemistry, it is not possible to fully determine whether the 
developed protocol will be of use to forensic investigators. The chemical 
development techniques used in this research (namely ninhydrin immersion, 1,2- 
diazafluoren-9-one immersions, dimethylaminocinnamaldehyde contact transfer, 1,2- 
indandione contact transfer and cyanoacrylate firming) only provide a small range of 
the available techniques used by forensic investigators in real-life cases [14]. Owing 
to the large range of development techniques available, it is vital that further work is 
undertaken in order to fully understand the implications of using them in conjunction 
with each other.
As with many scientific research projects, it is important to analyse as many samples 
as possible, in order to build up a large volume of data upon which to make a 
conclusion. This is vital for forensic science investigations, but even more so in 
fingerprint research as no two fingerprints will ever be the same (in terms of their 
chemical composition). With this in mind it stands to reason, that as many donors as 
possible are used for proving that the protocol can be used in real-life cases. This is
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the type of work that can be carried out by forensic providers and not in this research 
as this project was concerned with a proof of concept.
In this research project it was outlined that only one type of pen (Staedtler 4300M 
Black) would be used in order to keep the variables to a minimum (see Section 2.3). 
Now that a protocol has been produced it is prudent that different types of inks are 
used in order to prove that the protocol will work on the different types. Some of the 
types of inks to be investigated include fountain pen, rollerball, marker (“sharpie”) 
pen and highlighter. One of the more common forms of written text is produced by 
printers, therefore inkjet toner, laser printer toner and other printed material should 
also be investigated to identify if  they conform to the protocol. Recent work by 
Attard Montalto et al. (2012) have shown that laser printer toner behaves in a 
predictable manner, although the analysis of overlapping fingerprints and inks 
requires only a subjective observation [54]. The types of paper that the ink and 
fingerprint are deposited on could also affect the protocol. Some papers are more 
porous than others, this may change the absorption of ink or fingerprint molecules 
and therefore the protocol may not work [78].
A factor that could have been affecting the ability of the protocol to correctly predict 
the deposition order of overlapping fingerprints and inks would be, whether the ink 
or fingerprint is dry when an overlap is produced. If an ink line is deposited on paper 
it is drawn from the pen in a liquid form (this is what allows it to flow), when it is 
absorbed on the paper the solvent in the ink evaporates leaving a dry ink line. Some 
ink lines will take longer than others to dry. However, if a fingerprint is deposited on 
top of an ink line which is still wet there is likely to be some mixing between the 
two. If the samples mix then this would prevent the fingerprint from masking the ink 
line as effectively as if there was no mixing. The lack of masking of the ink line 
could account for the inconclusive results generated in this research project (Section 
4.1.4). It is therefore important that the effect of any time delay in creating an 
overlapping fingerprint and ink be evaluated. This will allow forensic investigators to 
determine whether any sample should be submitted for ToF-SIMS analysis. If it is 
known that the sample will have a high likelihood of being mixed {i.e. the fingerprint 
will not be masking the ink line), then it can be recommended to forensic 
investigators that the sample is not worth submitting for an expensive examination.
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Chapter 6 examined the effect of low pressure systems on fingerprint chemistry and 
found that a vacuum chamber can remove chemicals from the sample. It was also 
found that some vacuum chambers will introduce exogenous material to the samples. 
This is important to bear in mind as the protocol for determining the deposition order 
of overlapping fingerprints and inks requires the use of a low pressure system 
(vacuum chamber), in the form of the ToF-SIMS instrument. Chapter 6 has 
tentatively identified that water and organic species are being removed from the 
sample when subjected to low pressure systems. The results from the preliminary 
experiments shown in Chapter 6 indicate that techniques requiring vacuum chambers 
{e.g. ToF-SIMS) should perhaps not be used for forensic fingerprint analysis. 
However, the results do not show exactly how much material is being lost (or 
gained). Further research would allow forensic scientists to determine whether the 
material left behind (after being subjected to a vacuum chamber) is above the 
detection limits of ToF-SIMS. It is also vital to liaise with forensic research 
establishments {e.g. Home Office Centre for Applied Science and Technology) and 
determine whether the chemical species being removed are of importance for current 
chemical development techniques. If they are of importance then non-vacuum 
techniques should be used for fingerprint analysis. High energy secondary ion mass 
spectrometry (MeV SIMS) is a technique (currently under development) which will 
not require low pressure systems in order to analyse samples (see Section 1.2.1.3)
[57]. Research has aheady been published using MeV SIMS reporting early 
experiments investigating overlapping fingerprints and inks [30]. Once this technique 
has been further developed it will be able to analyse samples without the need for 
any sample preparation (other than mounting onto a moving stage) or a restrictive 
vacuum chamber.
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Appendix 1:
Ambient aging of fingerprints using a quartz crystai microbalance
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